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given. 
Chapter 5, co-authored with Gad Fischer, M. P. Oliff and A. P. Scott, has 
been published in the 1. Mol. Spec. 161,388-395 (1993). Chapter 6 has been written 
up for submission to the Journal of Photochemistry. 
* "A thesis shall be an original work incorporating an account of research done during ~e course and its 
result, and, where the research is on more than one topic, shall demonstrate the relauon between the 
lOpics" (sub-rule 15(1». 
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ABSTRACT 
This thesis deals with the stability and spectroscopy of peroxyacetyl nitrate, 
simple aliphatic carbonyls, and 1,2,3-triazine. These molecules are important because 
of the vital roles they play either in atmospheric chemical processes or biological 
environments. Some of them also have detrimental effects on human beings. 
Peroxyacetyl nitrate (CH3C002N02, acronym, PAN) is an organic nitrate and a 
secondary pollutant present in the troposphere (lower atmosphere). It is the typical 
member and most studied of the peroxyacyl nitrates (RC002N02, PANs, R = alkyl or 
aryl). PAN as well as ozone are now known to be the major contaminants in 
photochemically polluted air. 
The thermal decomposition of PAN at ambient temperature was investigated in 
order to evaluate its atmospheric lifetimes. Studies were conducted at low PAN 
pressures « 0.5 torr) in a large multi-pass cell and at fairly elevated pressures 
(1 - 12 torr) in 10 cm IR cells. Results of the investigation and the implications for the 
atmospheric dissociation of the compound are presented in Chapter 3. Carbon dioxide 
and methyl nitrate were identified as the major decomposition products, while 
formaldehyde, nitrous acid and nitrogen dioxide were detected as minor products. The 
identified products and their distribution ratios are consistent with a decomposition 
mechanism in which PAN initially breaks into the acetylperoxy radical and nitrogen 
dioxide. Subsequent reactions of the acetylperoxy radical lead to the formation of the 
identified products. An alternative postulated mechanism in which PAN undergoes a 
one step concerted decomposition through a cyclic transition state, to produce only 
carbon dioxide and methyl nitrate, is not supported by the present studies. The pseudo 
first-order rate constants show that the decomposition of pure PAN at room temperature 
is pressure dependent. Half-lives ranged from 200 h at 1 torr to 624 h at 8 torr. Below 
0.5 torr, the observed first-order rate constants for the decomposition of pure PAN (4.7-2.3 x 104 s·l) I 
approach those measured in diluent gases under atmospheric conditions. This leads to 
thermal dissociation lifetimes of the order of 70 min. 
The ultraviolet absorption cross-sections of PAN were also measured to 
determine the potential for photodecomposition of the compound in the atmosphere. 
The present measurements extended from 200 to 340 nm and yielded photolytic 
lifetimes of 2 and 5 days for typical summer and winter weather respectively, in the 
Northern hemispheres. These lifetimes are longer than the thermal lifetimes and 
confirm that photodecomposition is a minor pathway for the removal of PAN from the 
troposphere. Infrared absorptivities of PAN bands were required for determining 
concentrations of prepared samples and for calibrating the instruments used for 
monitoring the thermal decomposition of the compound. IR absorptivities for the five 
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most prominent bands of PAN were therefore re-examined in this work. 
Chapter 4 reports a study of the ultraviolet absorption cross-sections of some 
si.mple aliphatic carbonyls in the 330 - 440 nm region. These compounds are also 
formed in the lower atmosphere as a result of photooxidation of hydrocarbons and most 
are intermediate precursors to the peroxyacyl nitrates. At long paths, achieved by the 
multi-pass optical set-up, the long wavelength limits of detectable absorption for the 
carbonyls were extended beyond 360 nm, at ambient temperature, for the first time. 
Though the cross-sections determined beyond this limit were very weak 
(_10-24 cm2 molecule-I), they are nevertheless significant for the photolysis of the 
compounds, as a result of the strong intensity of the solar irradiation in this region. 
Photodissociation rate constants based on the present absorption cross-sections have not 
yet been evaluated, but the calculations are in progress. The results are expected to add 
more weight to photodissociation as a removal pathway for these molecules and the 
relative merits of the two competing atmospheric sinking processes (photolysis and 
chemical reaction with ·OH) may need to be re-addressed. 
The later part of this work involved studies of the spectroscopy and 
photochemistry of 1,2,3-triazine, an azabenzene with a unique structure of three 
adjacent nitrogen atoms in the ring. It is the last of the triazines to be synthesised and 
. the least studied. Derivatives of the ring system are biologically active. They are 
therefore used as pesticides and active drug ingredients. The present and potential 
applications of 1,2,3-triazines in the drug and agriCUltural industries are also expected to 
lead to the deposition of residues of the compound in the biological environment. 
Studies in this section of the work were conducted to characterize the ring system of the 
parent 1,2,3-triazine as a prelude to assessing the probable fate of the residues of the 
compounds in the environment. 
A comprehensive study of the infrared and Raman spectra of 1,2,3-triazine was 
undertaken. Based on normal coordinate analysis, ab initio molecular orbital 
calculations, and comparison with the spectra of other nitrogen heterocycles, the 
vibrational modes of the compound were assigned. The results are discussed in 
Chapter 5. The photolysis of 1,2,3-triazine in hexane and methanol is reported in 
Chapter 6. The compound was found to be labile when irradiated with light in the 
wavelength range 270 - 350 nm. Quantum yields of 1,2,3-triazine in hexane and 
methanol at their respective wavelengths of maximum absorbance (288 and 295 nm) 
were found to be 0.57 ± 0.05 and 0.55 ± 0.05 respectively. The yields were invariant 
with the concentration of 1,2,3-triazine, presence of dissolved oxygen and changes in 
incident light intensity. Acetylene and hydrogen cyanide were identifled as products of 
the photolysis among others. They are suggested to be formed through a concerted 
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triple fragmentation. This may not be the exclusive mechanism for the decomposition 
since other products, whose identities were not confmned, were also detected. 
The solution and vapour phase electronic spectra of 1,2,3-triazine are discussed 
in Chapter 7. The UV Nis absorption spectra were recorded in hexane and methanol. 
The lowest energy transitions were photographed in the vapour phase. The spectrum in 
hexane consists essentially of three broad bands. A very weak band (f -5.4 x 10-4) 
around 28600 cm-l was assigned to an electric dipole-forbidden n*f-n, lA2f- l A l , 
transition. This band exhibited an ill-defmed vibrational structure. Superimposing this 
weak transition is a stronger band (f = 0.022) with maxima at 33 900 cm· l in hexane, 
which has been assigned to a symmetry allowed n*f-n, lBlf-lA l , transition. A band 
at 43,500 cm-l shows virtually no solvent shift and was assigned to the lowest energy 
n*f-n transition. The vapour phase spectra covered the range between 24 850 and 
29760 cm-I . The spectra were analysed in the context of one transition; the long 
wavelength tail of the lowest energy transition observed in solution. The band origin 
appeared at 24870 em· l , and is suspected to be vibronically induced. 
Central to the research was a large sample cell equipped with a White-type 
multi-pass optical system and on-line photographic and photoelectric detection devices. 
The assemblage was used for most of the vapour phase kinetics and spectroscopic 
studies in this thesis. The instrumental set-up, and the frequent refmements required to 
stabilize its operations, were some of the most time consuming aspects of this work. 
The long paths attained with such optical designs made possible the detection of very 
weak absorbances of products in small concentrations and/or samples with naturally 
weak absorption coefficients in the wavelength regions of measurements. The 
instrumentation is described in detail in Chapter 2 and the principles of its construction 
and use are discussed. Also in Chapter 2 are detailed solution and vapour phase 
experimental procedures carried out during studies reported in this thesis. 
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CHAPTER 1 
INTRODUCTION 
The atmospheric and biological environments contain numerous 
chemical substances produced naturally or introduced as a result of 
human activities. Many of these compounds are unstable and undergo 
reactions often initiated by light (photolysis) or heat (thermolysis). The 
fate of most chemical compounds in the environment, and in particular 
the conditions under which they could accumulate are, therefore, often 
determined by their thermal and photochemical stability as well as 
reactivity with other chemical species. The major concern of this work 
was to characterize the thermal and photochemical stability of some 
molecules that are present in the atmosphere and those likely to be found 
in the biosphere, as a consequence of their use as biologically active 
ingredients in the formulation of pesticides and pharmaceuticals. 
Included in these studies are the spectroscopic data, mainly UV and 
vibrational, of these compounds. The spectral features provide an 
additional basis for rationalizing their chemical stability as well as the 
physical characteristics. The molecules studied have been selected from 
groups of compounds that occupy relevant positions in atmospheric 
chemical processes (the reactive nitrogen species and simple aliphatic 
carbonyls) or that have been found to be biologically 
active (the triazines). 
1.1 REACTIVE NITROGEN SPECIES 
1 
The oxides of nitrogen [NOx = nitric oxide (-NO) and nitrogen dioxide ('NO~] 
and their photochemical reaction products [nitric acid (HN03) , nitrous acid (HONO), 
peroxynitric acid, (H02NO~, chlorine nitrate (CION02), dinitrogen pentoxide (N20 S)' 
peroxyacetyl nitrate (CH3C002N02), nitrate radical ('N03), inorganic aerosol nitrate 
(N03-) and other organic nitrates of variable composition] are collectively referred to as 
'reactive odd nitrogen'.l'" These compounds along with some carbonyl compounds 
"'The term "odd nilrogen" (NO ) is defined as me sum of NOx (N0x = NO + NO:z) plus all oxidi ed 
nilrogen species mat represent ~e sources or sinks of NOx tllrough processes mat occur on relatively 
bon Lime cales. l Thus, NOy = NO + N02 + HN03 + HONO + H02N02 + N03 + 2N20 S + 
PAN + ClON02 + inorganic aerosol (particulate) nilrate (N03 -) + ... 
2 
(simple aliphatic aldehydes and ketones) are two major classes of compounds that have 
long been identified to playa central and inter-related role in the chemistry of the 
troposphere. 2,3t These compounds, found in trace to major amounts in the 
atmosphere, have tremendous importance in a variety of atmospheric processes such as 
photochemical smog formation and destruction, acid production, and the greenhouse 
effect. It has been estimated that over half of the nitrogen oxides (NO
x
) emitted to the 
atmosphere result from human activity.4 The presence of these oxides in the 
atmosphere as well as their photochemical and thermal products constitute health 
hazards to both human and plant life, hence they are considered to be environmental 
pollutants.5,6 A study of their chemistry is crucial for understanding the processes that 
govern their formation, removal and distribution in both natural and polluted 
atmospheres. 
Among the reactive nitrogen species, peroxyacetyl nitrate (PAN) has gained an 
unprecedented notoriety in the last forty years. This compound was accidentally 
discovered by Stephens and his co-workers 7-9 in the early 1950s during their 
investigations of the chemical aspects of photochemical smog. It was revealed that a 
previously unknown compound was produced when parts per million (ppm, v/v) 
concentrations of certain hydrocarbons were irradiated with UV light in the presence of 
air containing traces of nitric oxide. This compound was later characterized to have the 
structure CH3C002N02 and is known as peroxyacetyl nitrate (acronym, PAN). PAN 
is now known to be produced as a secondary pollutant in the atmosphere, as a result of 
photochemical reactions between hydrocarbons and nitrogen oxides. to 
Photochemical smog is now encountered in many places all over the world as a 
result of industrial and automobile emissions of the precursor compounds. The 
phenomenon has however been recorded much more frequently in the Los Angeles area 
of California (USA) and is still very prevalent there as a result of high traffic 
densities. ll ,12 PAN has therefore been measured at numerous places around the world 
and recent results have shown it to be ubiquitous throughout the troposphere. 13, 14 
Background levels of PAN in the 'clean' troposphere are of the order of 
0.008 - 0.056 parts per billion (ppb).15 Concentrations in the range 4 - 10 ppb are 
often determined in polluted air16 while levels exceeding 50 ppb have been recorded 
during some of the severe photochemical smog episodes often encountered in Southern 
California, USA. 17 The implications of the presence of PAN in the environment are 
1 . I ' al h . h . al 18-20 underlined by the central ro e It pays ill sever atmosp enc c emiC processes 
and its well-documented phytotoxic properties. 13,21,22 The compound is also a strong 
lachrymator and poses serious respiratory problems to humans.23 
t The troposphere refers to that region of the atmosphere immediately above the earth's surface to 
-12 km. It is characterized by decreasing temperatures with increasing altitude. 24 
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The interest in PAN chemistry, as well as most of the other atmospheric 
chemical species, has been sustained by the need to ascertain the sources and sinks of 
~e compounds in the atmosphere and the evaluation of the atmospheric lifetimes with 
respect to various removal pathways. The main pathway for the removal of PAN in the 
atmosphere is thought to be through thermal decomposition, but the mechanism of this 
reaction is not well-understood.25-27 Other pathways through photolysis,28 reaction 
with hydroxyl radical ('OH)29 or deposition on ground surfaces30 are thought to be 
either minor or insignificant. Part of the work in this thesis was undertaken in pursuit 
of further knowledge of the atmospheric chemistry of PAN. The thermal 
decomposition of low pressures of PAN at room temperature has been re-investigated 
in a large sample cell equipped with White-type multi-traversal optics and other 
accessories. The long paths attainable with the instrument assembly provide the 
advantage of spectroscopic identification of extremely low concentrations of 
decomposition products, a necessary tool in resolving some of the discrepancies in 
earlier reported mechanisms.25-27 Thermal decompositions were also carried out at 
elevated pressures of the compound in 10 cm IR cells. The multi-pass cell also 
provided an appropriate system for the re-determination of the UV absorption cross 
sections of PAN at long paths in order to explore the significance of photodissociation 
as a possible sink for the compound. The long paths enhance the weak UV absorptions 
of PANas well as those of the decomposition products and also closely approximate 
their tropospheric distribution in polluted air parcels and smog plumes. 
1.2 SIMPLE ALIPHATIC ALDEHYDES AND KETONES 
The simple aliphatic aldehydes and ketones are present in the atmosphere both 
as a result of direct emission, mainly from combustion sources, and as secondary 
products in the complex series of photochemical and thermal reactions prevalent in the 
atmosphere.5,31 The importance of carbonyls in atmospheric chemistry is reflected, for 
example, in the fact that detailed computer kinetic chemical models employed in oxidant 
(ozone) formation simulations and other regulatory applications all require 
formaldehyde and some other aldehydes and ketones as data inputs.32 
Formaldehyde and acetaldehyde are the most abundant members of the 
carbonyls in the atmosphere. Aldehydes are produced through photo oxidation reactions 
of methane and isoprene (dominant processes in remote areas) and other 
hydrocarbons.33 For example, acetaldehyde, a typical member of the group, is formed 
in the atmosphere by the reaction of the hydroxyl radical with ethane. Ethane and other 
hydrocarbons are introduced into the atmosphere through biogenic and anthropogenic 
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processes.33.34 There are additional inputs of the carbonyls directly from vehicular and 
industrial emissions. The hydroxyl radical is generated in the atmosphere by the 
photolysis of ozone at wavelengths of -320 nm and less.33 Acetaldehyde fonned by 
tlie hydrocarbon oxidation further reacts rapidly with hydroxyl radical to yield acetyl 
radical (CH3CO') which subsequently reacts with oxygen and nitrogen dioxide to 
form PAN (Scheme 1.1).10 Similar reactions of acetone and biacetyl 
(CH3COCOCH3) also lead to PAN fonnation.3s.36 Thus, the atmospheric chemical 
processes leading to fonnation and destruction of the carbonyl compounds and the 
reactive nitrogen species, particularly PAN, are strongly interwoven. 
0 3 
hv (A. ~ 320 nm) 
.. "0 "2 ct~g) "0 " ctD) (1.1.1) + 
"0 " ctD) + H2O • 20A- (1.1.2) 
C2H6 + "OH .. C2HS" + H2O (1.1.3) 
C2Hs" + "0 "2 • CH3CHO + "OH (1.1A) 
CH3CHO + "OH • CH3CO" + H2O (1.1.5) 
CH3CO" + "0 "2 • CH3C(0)0Q- (1.1.6) 
CH3C(0)00' + ' N02 oq 
(M) 
CH3C(0)00N02 (1.1.7) 
PAN 
Scheme 1.1. Atmospheric reactions leading to the fonnation of PAN from 
acetaldehyde. 
Photodissociation is a major sink of most aliphatic aldehydes and ketones 
present in the atmosphere and in most cases is comparable to the loss by reaction with 
hydroxyl radical (the only other important process removing aliphatic carbonyl 
compounds from the atmosphere (see Scheme 1.1).37.38 Photodecomposition of 
acetaldehyde, following absorption of sunlight, can occur along two 
pathways (Scheme 1.2):39 
CH3CHO ___ hv_(.:....A._<_3_5_0_nm_) ----i .. ~ CH3' + CHQ-
hv (A. < 350 nm) 
CH3CHO ---.-...:.-------.. CH4 + CO 
Scheme 1.2. Photodissociation pathways of acetaldehyde. 
(1.2.1) 
(1.2.2) 
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Subsequent reactions lead to oxidation of methane and the methyl radical (·CH3). 
Photodissociation of the carbonyl compounds therefore represents a major source of 
o~ganic radicals in the lower atmosphere. These radicals are highly reactive and initiate 
complex series of atmospheric thennal reactions. 
The aliphatic aldehydes and ketones allpossess a weak UV absorption in the 
region 220-370 nm, resulting from an electric-dipole forbidden 7t*f-n transition.4o A 
major uncertainty in the modelling of the chemistry of carbonyl compounds in the lower 
atmosphere is the magnitude of the absorption cross-sections for these molecules.41,42 
Absorption cross-section data are also vital in evaluating the photolysis rate constants of 
the molecules for representative sets of atmospheric conditions, and hence, in 
determining the relative importance of photodissociation as a means of their 
disappearance in the atmosphere. Even with the advantages afforded by modern 
computerized spectrophotometers, accurate measurements of absorption cross-sections 
for aliphatic aldehydes and ketones still pose considerable challenges, especially at the 
long wavelength tail of the 7t*f-n band where the absorptions are extremely weak. 
This is due to the associated errors in the measurement of these weak absorbances. 
Ironically, this is the region of the sun's irradiation spectrum that mainly penetrates into 
the lower atmosphere and is capable of initiating photochemical decomposition.24 
Accurate measurements of absorption cross-sections of the bands at the longer 
wavelength tails are, therefore, highly desirable in order to provide reasonable estimates 
of the maximum rate of absorption of sunlight by the molecules and the extent of 
photodissociation in the atmosphere. 
Enhancement of weak absorptions is accomplished, following Beer-Lambert's 
law,43 by increasing either the concentration of the molecules or the cell pathlength. 
The first option has become very popular and is widely employed due to ease of 
application.44 Even at concentrations of aliphatic aldehydes and ketones equivalent to 
their saturated vapour pressure at room temperature, often the spectra recorded with 10 
cm pathlength cells are still very weak in this region.45 To obtain better estimates of the 
absorption cross-sections for selected simple aliphatic aldehydes and ketones, part of 
this study has re-examined their UVNis spectra in the weak absorption region, 
330 - 440 nm. Long paths achieved with multiple-traversal optics capable of yielding 
greater than 300 m pathlengths were employed in recording the spectra of the 
compounds in this region. Absorption cross-sections from the present study, along 
with infonnation on the actinic flux· of solar radiation and the primary quantum yields 
• Actinic radiation refers to sunlight of A ~ 290 DID. This is the region of light that is available for 
photochemical reactions in the troposphere (lower aonosphere). It is often expressed as the integra~ed 
radiation from all directions to a sphere. Strictly speaking, "actinic" means "capable of causmg 
photochemical reactions". 46 
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for photolysis, are being used in re-evaluating the photodissociation rate constants for 
each of the carbonyls. 
1.3 THE TRIAZINES 
The triazines are six-membered heterocyclic compounds with 3 nitrogen atoms 
in the ring. The ring system consists of three isomers of triazine depending on the 
arrangement of the nitrogen atoms (Figure 1.1). The compounds show a fascinating 
diversity in physical behaviour. 1,3,5-triazine (s-triazine) was fIrst obtained in 1895,47 
although it was not until 1954 that it was structurally characterized.48 The compound is 
an extremely volatile crystalline white solid which melts at 86 °C and boils at 114 °C at 
one atmosphere pressure.47,48 The 1,2,4-isomer (as-triazine) was synthesised for the 
fIrst time in 1966 and is isolated as a yellow oil, which gradually goes into the solid 
state.49 It melts at 17°C and boils at 156°C (at 740 torr).49 On the other hand, it was 
not until 1981 that 1,2,3-triazine (v-triazine) was fIrst synthesised.5o It exists as a 
white solid with a melting point of 70 0c.50 Its vapour pressure at room temperature 
(-25 °C) was found in this work to be less than 10-3 torr. While compounds 
containing the 1,3,5- and 1,2,4- triazine ring systems have been found to occur in 
nature,51 ,52 so far no compounds containing the 1,2,3-triazine moiety have been 
isolated from natural sources. A number of comprehensive reviews on the chemistry of 
the triazines have been published52-54 and considerable information is now available on 
compounds possessing the 1,3,5- and 1,2,4-ring systems.52,53 
1,3,5-Triazine (s -triazine) 1,2,4-Triazine (as -triazine) 1,2,3-Triazine (v -triazine) 
Figure 1.1. Molecular structures of triazine isomers. 
1,3,5-Triazine is the fundamental member of the series of compounds and a 
number of its derivatives exhibit selective herbicidal properties. 2-chloro-4-ethylamino-
6-isopropylamino-1,3,5-triazine (Atrazine, AAtrex TM) and 2-chloro-4,6-diethylamino-
1,3,5-triazine (Simazine, Princep 80WTM) have been most extensively utilized in this 
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field of application.55.56 The 1,3,5-triazine herbicides cause striking physiological 
effects on plants by inhibiting photosynthesis. 4,6-Diamino-2,2-dimethyl-l ,2-dihydro-
1,},5-triazine derivatives (so called ' Baker triazines ') are used as pharmaceuticals and 
most are active against leukemia.53 Some have also been used in clinical trials as drugs 
in cancer chemotherapy57 while others are used as active ingredients in anti-malarial 
drugs. 58 In addition, 1,3,5-triazine and its derivatives have found extensive use in 
industrial fields. In 1970, over 34 x 106 kg of 2,4,6-triamino-l ,3,5-triazine was 
manufactured in US alone and used as resins for the formation of high-pressure 
laminates for home furniture, mouldings for crockery and to improve crease resistance 
in fishing net materials. 53 
Similarly, some naturally occurring 1,2,4-triazine compounds as well as a large 
numbers of synthetic derivatives exhibit biological activity and have been used for 
various purposes.52 4-Amino-l,2,4-triazin-5-ones are biochemically highly active 
substances and have been used as active ingredients in the formulation of herbicides, 
e.g., BAY 94337™ and Goltix™ and 6-(5-nitrofuryl)-substituted 1,2,4-triazines, 
especially 3-amino-6-[(5-nitro-2-furyl)vinyl]-1 ,2,4-triazine (Panfuran), have been 
tested for their pharmacological, anti-bacterial and tuberculosic activity.59 Other 
1,2,4-triazine derivatives, such as 1,2,4-benzotriazine-7-carboxylic acid-I-oxide, have 
been used as dye stuffs.59 The importance of 1,2,4-triazine and its derivatives is 
highlighted by the over 80 published Australian patent applications that were directed to 
it in the 80s.60 A recent world patent literature data-base also showed over 352 
inventions in the International patent classification covering I ,2,4-triazines. 60 
Of the three triazines, the 1,2,3-isomer is by far the least studied and its 
derivatives have not been as extensively applied in medicinal and agricultural fields as 
the other two. This is not surprising as there is a deficiency of knowledge on this 
heterocyclic system.54 The propensity for the use of the other triazines however shows 
that it will not be long before the application of 1,2,3-triazine and its derivatives in the 
agricultural and pharmaceutical industries assume wider dimensions. Already, a wide 
range of biological activities has been associated with many derivatives of 
1,2,3-benzotriazin-4-(3H)-one and its phosphoric and thiophosphoric acid derivatives, 
and they have been employed as plant protection agents (e.g Bayer 17147™).58.59 
This accounts for the increasing interest in the chemical and physical properties of the 
1 ,2,3-triazines. 
X-ray crystallographic analysis has shown that the 1,2,3-triazine ring is almost 
planar as would be expected of a molecule with a reasonable degree of 7r-electron 
delocalization. 61 The compound also possesses a limited thermal stability, which 
is consistent with limited aromatic character. The reactivity of the compound towards nucleophiles, 
however, suggests that the molecule could be 7r-deficient.62-64 The molecule also tends 
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to lose a nitrogen molecule when heated or on electron impact.65 The potential 
applications of l ,2,3-triazine and its derivatives in the pharmaceutical and agricultural 
industries, requires that investigations be conducted that would help in assessing the 
fate of their residues in the biosphere. Such studies are also expected to reconcile the 
molecular skeleton with its physical and chemical behaviours. Similar investigations 
are already at advanced stages with respect to the 1,3,5-triazines.55 
The spectroscopic properties of 1,2,3-triazine along with its photochemical 
stability, have been investigated as part of this work. Infrared and Raman 
spectroscopic measurements have been undertaken. Information derived from the 
spectra coupled with ab initio molecular orbital calculations and normal coordinate 
analyses led to assignment of the vibrational bands and determination of the extent of 
electron delocalization in the ring system. Similarly, the UV absorption spectra of 
1,2,3-triazine, both in solution and vapour phases, have been recorded and analysed. 
In addition, the photolysis of 1,2,3-triazine has been investigated in hexane and 
methanol. The influences of changes in solvent, concentration and wavelength on the 
photodecomposition quantum yields have been studied for the first time. 
CHAPTER 2 
INSTRUMENTATION AND EXPERIMENTAL 
PROCEDURES 
Many aspects of this work required the measurement of weak 
ultraviolet (UV) absorption spectra of molecules at very low vapour 
pressures. Enhancement of these spectra was achieved by a system of 
multi-pass optics that was first described by 1. U. White and now 
generally referred to as a 'White-type ' optical system. In addition, the 
optical arrangement for the collection and transfer of the light beam from 
the multi-pass cell to the UV detectors needed to be extremely efficient to 
ensure minimum loss of signals. Special attention was therefore devoted 
to assembling the instruments and accessories required for this set-up 
This chapter provides details of the design, construction and 
principles of operation of a large cell equipped with White-type multi-
traversal optics. This cell was utilized for most of the UV absorption 
measurements in this work and had the desired advantage of enhanced 
sensitivity. The light source and the optical set-up used to carry out 
absorption measurements in the large cell together with the analysing 
spectrograph and scanning spectrometer are described. Brief 
descriptions of conventional spectroscopic instruments used, including 
details of all solution and vapour phase experimental procedures carried 
out during the course of this work are also reported 
2.1 INSTRUMENTATION 
2.1.1 White-Type Multi-Traversal Long Path Cell 
9 
In 1942, White66 suggested an ingenious system of mirrors for enhancing the 
intensity of absorption within the volume viewed by absorption collection optics. This 
was later slightly modified by Bernstein and Herzberg (1948).67 The features of the 
system (fully described in the original papers)66,67 have since been applied in many UV 
and infrared (IR) spectroscopic studies.68-71 The arrangement involves an absorption 
cell where light traverses the same volume back and forth a large and arbitrarily variable 
number of times, and the angular aperture of the mirrors is not restricted either on or off 
the optical axis. This design gives very high magnification of the absorption and can be 
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used for observing spectra that are very weak: or compounds obtainable only in very 
low concentrations. It can be employed for any liquids or gases that do not injure the 
mirror surfaces, with which they are directly in contact. 
Figure 2.la shows an illustration of the White-type multi-pass optics arranged 
to achieve twelve traversals of the volume between the mirrors. Three spherical 
concave mirrors (A, B, C) of equal radius of curvature r have their centres of curvature 
at a, b, and c respectively. Two of these mirrors A and B, which were cut from one 
circular mirror as shown in Figure 2.1b, are mounted at one end of the tube, while the 
third, C, of a shape indicated in Figure 2.1c, is mounted at the other end at a distance 
equal to the radius of curvature. 
o 
Mirror C 
(a) 
4 8 
• • 
• C 6 
(b) (e) 
Dimensions: C = 9.5 em (diameter) x 1.5 cm (thickness) (some portions cut off) . 
A, B = 4.75 cm (diameter) x 1.5 cm (thickness) 
Radius of curvatures of all mirrors = 600 cm 
Figure 2.1. White's optical arrangement for obtaining a long absorbing path. 
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This arrangement establishes a system of conjugate foci on the reflecting 
surfaces of the mirrors, by which all the light leaving any point on A is brought to focus 
by C at the corresponding point on B, and all the light leaving this point on B is focused 
back again to the original point on A. Similarly, all the light leaving any point on C and 
going to either A or B is focused back to a new point on C that is somewhat offset to 
one side of the original one. An external light beam focused on the entrance window 
enters the system via the notch in mirror C (point 0) and impinges upon mirror A. 
From there, the light undergoes multiple reflections as indicated. When properly 
arranged, the system maintains the spot size of the incoming beam since the mirrors act 
to focus the beam as illustrated in Figure 2.la. The reflection of the original incident 
beam that falls on mirror B is discarded, though it is very useful in the adjustment 
procedures. 
Positions of successive images are determined by the principle that the angle of 
incidence equals the angle of reflection. The normal to the surface at the point of 
incidence is the line to the centre of curvature of the mirror. For rays of light travelling 
near the optical axis of a spherical mirror of large radius of curvature, these points can 
be located by the rule that object and image points lie on a straight line whose mid-point 
is at the centre of curvature, i.e. in Figure 2.la, Pa = aQ. It is obvious that this can 
-apply strictly only when r ~ 00 and Pa ~ O. For example, it is shown in 
Appendix 2.1 that, according to simple geometry, if in Figure 2.la the common radius 
of curvature (r) is 100 cm, Mc = l.5 cm and Pa = 2.5 cm, then aQ is 2.5009 cm. For 
the dimensions of the system being described here, (r = 600 cm, Mc = 2.38 cm and 
Pa = 4.0 cm), aQ is 3.9800 cm. This departure from the ideal is not the limiting 
condition in the performance of the White's optics, though its effect should be 
considered as the radius of curvature is reduced and more traversals are attempted. 
Alignment of the excitation optics proceeds as follows : (i) Mirror C is adjusted 
so that a laser beam directed through the centre of the -2 mm slit between mirrors A and 
B is reflected in mirror C. This is to retrace its paths exactly. A piece of thin 
transparent plastic or plain paper is an aid in determining this. (ii) The light beam is 
then directed into the centre of mirror A, via the notch in mirror C, and mirror A is 
adjusted to give its fIrst reflected image just below the notch in mirror C opposite the 
entry point, i.e. at point 2 (Figure 2.la). The beam then reflects automatically to the 
centre of mirror B and mirror B is adjusted so that a pattern such as that in Figure 2.lc 
starts to form on mirror C. By turning mirror A and/or B by small amounts about an 
axis perpendicular to the plane of the page of Figure 2.1 , the number of images on C, 
and therefore the number of traversals, can be changed. The separation of the centres of 
curvature of the mirrors A and B (points a and b in Figure 2.la) determines the number 
of traversals in the system. In order to accommodate a many images as possible on 
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mirror C and for the simplification of the adjustment exercise, the even and odd images 
are separated (by the proper adjustment of mirrors A and B), as shown in Figure 2.1a 
and c. The diagrams also make it clearer as to why mirror C has been indented at the 
top half as shown. If n is the number of images of the beam formed between the 
symmetrical notches in the top section of mirror C, then the number of traversals is 
4n + 4. The closer a is to b, the greater the number of traversals. 
Since all the light in the first image of the slit that is formed on C is focused on 
B, and since all the light falling on B is returned to the second image on C, and so on, 
no light is lost off the edges of the mirrors. The only way intensity can be lost is by 
absorption or scattering on the reflecting surfaces. From the above considerations, it is 
evident that the limit on the number of traversals is determined by the diameter of the 
entering beam and its proximity to the edge of mirror C; the number of images that can 
be accommodated on mirror C and hence its breadth; and how closely the mirror system 
approaches the ideal situation of infmite radius of curvature and coaxial rays. By 
focusing the incoming light beam to a smaller diameter it is therefore possible to achieve 
more traversals. This has however been found to be impractical due to the positioning 
of the necessary lens being very critical and difficult to reproduce and the consequent 
extra reflection loss. In the present cell with dimensions as given in Figure 2.1 , 
44 traversals· were achieved comfortably. Greater numbers of traversals have been 
reported for similar mirror systems of much larger sizes (e .g., 144 traversals with ' 
r = 22 m).67 
Assuming no absorption loss and a reflectivity of 90% (R = 0.9) for the 
aluminium coated mirrors, the intensity of a beam after 44 traversals (43 reflections) of 
the White mirror system will be reduced to 1.1% ofits intensity on entry. IfR = 0.9 
and 2% of the radiation is absorbed per traversal (T = 0.98), the White system alone 
should increase the absorption intensity by a factor of 8.44·· over that of a single pass 
system. If the reflection loss at each mirror could be reduced to 0.5% 
(i.e. RT = 0.975), the enhancement factor becomes 27. This illustrates the importance 
of having and maintaining highly reflective mirror surfaces. Although the mirrors used 
in the system being described here were routinely sent for re-coating"·· the emphasis 
on the experiments was to ensure that the analysing spectrometers and associated 
·Given by 2(m + 1) where m is the number of images of the incident beam on mirror C. 
··Given by [(RT)44 - IJ/(RT - 1); if 10 is the intensity of the laser beam on entry to the multi-pass 
system, the intensity of the beam on exit from the system after 2n traversals is 10 T2nR 2n-l , the 
intensity absorbed on the (2n)th traversal being 10 T2n-lR2n-l(l_T), where n is an integer starting 
from 1.69.70 
···Mirrors were supplied and routinely re-coated by Francis Lord Optics, Gladesville. Sydney, 
Australia. 
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electronics were stable enough to maintain efficient detection of the weak absorbances. 
This is because any independent defects on the mirror surfaces leading to decreased 
reflectivity of the incident light would automatically be corrected by the background 
scans, since absorbances (A) were evaluated from the ratio of the intensity of light 
emergent from the empty cell (10) to that of transmitted light after the introduction of 
sample in the cell <n, i .e. A = 10glO (1dI). 
The White-type optical set-up used for this work consisted of a glass cell of 
6 m base1ength and 10.5 cm internal diameter, equipped with three spherical aluminium 
coated mirrors. The mirrors used have radii of curvature of 600 cm. The two half 
mirrors (A and B) were cut from a full mirror of diameter 9.5 cm, while mirror C (also 
with a diameter of 9.5 cm) was indented at two places on the top-half, to allow for the 
entrance and exit of the light beam (Figure 2.lc). The mirrors were all 1.5 cm thick. 
Cell end plates were made of brass with quartz windows and hand holes for adjusting 
the mirrors. The mirrors were mounted on stands set just within the inside cell ends. 
As stated earlier, this White mirror system is capable of yielding up to 44 traversals of 
the incident beam resulting in a pathlength of 264 m. A balance had to be struck 
though between the number of traversals (i.e. pathlength) and the detectable intensity of 
the emergent beam. An overview of the instrument assembly including the 
spectrographic and spectrometric detecting systems is shown in Plate 2.1. 
The full length of the cell was wired with a heating element with a temperature. 
regulator capable of varying the cell temperatures between 25 and 100°C. The cell was 
connected to the vacuum system, equipped with gas delivery and discharge ports, using 
a combination of glass and metal pipes (Plate 2.2). The vacuum was 
maintained by a large diffusion pump (Dynavac High Vacuum, LNT4) with a strong 
mechanical support (Speedivac High Vacuum, ED 100). The combined strength of 
both pumps usually brought down the cell pressure to < 10-4 torr in under 20 min. The 
vacuum line was equipped with two pressure reading heads:- an MKS Baratron 
(223BD, 0-10 torr head) for lower pressure measurements; and a Speedivac 
(0- 100 torr) for higher pressures. A high pressure xenon short-arc lamp 
(450-W, HB Osram) provided the radiation. The emergent beam from the cell was 
collected by a reflecting mirror and fed into the entrance slit of either an on-line 
spectrograph or a scanning spectrometer (Plate 2.3). A Jarrell-Ash 3.4 m Ebert 
spectrograph and a one metre scanning spectrometer (Spex 1704) were used. The 
grating of the spectrograph has 590 grooves/mm. For the photoelectric system, light 
detection was by IP-28 (RCA) and Q4292 (MSL) photomultipliers and the signals were 
fed into a Stanford lock-in pre-amplifier (SR550) and amplifier (SR51O). The data 
generated were plotted by a chart recorder or stored in a personal computer, interfaced 
with the amplifier, for processing. 
~ 
Plate 2.1. An overview of the 6 m cell equipped with White-type multi-traversal optics, and the associated electronics. ~ 
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Plate 2.2. Vacuum sample handling manifold. 
Plate 2.3. Arrangement of the collection optics for the analysing photographic and 
photoelectric detectors. 
...... 
(j) 
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2.1.2 Fourier Transform Infrared Spectrometer 
A Perkin Elmer 1600 Fourier Transform Infra-Red (FTIR) spectrometer was 
used for most of the IR measurements in this work. It is a single beam instrument with 
a maximum resolution of 2 cm-i . The Fourier method utilizes a Michelson 
interferometer, which is constructed to cause interference at infrared frequencies.12,73 
Radiation from the hypothetical monochromatic source is split into two ideally equal 
beams at the beam splitter (Figure 2.2). 
Fixed position mirror 
(a) 
(A) 
Beam splitter M 
l ovable mirror • • 
. -, , -, ,- . 
;, 
; ; 
; ; O--------~~--~;; ~ 
T\. ; < ; (B) 7"': 
• 1 I I I I 
1 , I I I I 
, 1 I I I I 
I I I I 
1_ J 1_ J Single frequency source ~,; , 1 ,_ J 
(A.) 
B(V) 
(c) 
Vo 
Spectrum 
Detector 
Sample 
position 
I(8) 
o ')J2 A. 31../2 0 
Interferogram 
Figure 2.2. Block diagram showing the major components of an FTIR spectrometer. 
The figure also shows the spectrum of an infmitely narrow source and 
how the interferogram is generated as the movable mirror is translated. 
(Re-drawn from Perkins 73 J. 
One beam (A) travels on to the fixed position mirror. This is then reflected 
back to the beam splitter, where some of the beam is reflected to the source and some 
passes to the detector. The other beam (B) goes through the beam splitter and hits a 
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movable mirror. The movable mirror also reflects beam B partially to the source and 
partially to the detector. If the position of the movable mirror is such that path 
difference between beam B and A is an integral number of wavelengths (retardation or 
optical difference 0 = nA. where n = 0, 1, 2 .. . ), then the two beams are in phase and 
will reinforce each other (constructive interference). This means that the energy arriving 
at the detector will be maximum and that the movable mirror actually travels a distance 
of x = 012, since beam B must travel to and from the mirror. On the other hand, if the 
position of the movable mirror is such that the optical pathlen th of beam B is different 
from that of beam A by (n + 1/2) A, then the two beams ar 1800 ut of phase and will 
exactly cancel each other out. The resulting energy hitting the detector will be 
minimum. 
When the sample is placed in front of the detector, it senses the radiation from 
the interferometer, i.e. radiation exhibiting a variable intensity I(x) as a function of the 
optical path difference x in the interferometer. The optical path difference is the 
difference in the distance the light travels between the movable beam and the flxed 
beam. During a scan of the interferometer mirror, an audio-frequency sinusoid is 
generated for each IR frequency element. The interferogram (Figure 2. 2b, a cosine 
function) is the summation of all such sinusoids from the whole range of incident 
ptical frequencies and is related to the actual spectrum (Figure 2.2c, radiation intensity 
vs wavenumber) by Fourier transform. 
An important advantage of the interferometric IR spectroscopy, in contrast to 
the dispersive instrument, is that the entire spectrum is obtained at once. This allows 
many scans to be acquired, enhancing the signal-to-noise ratio. Twelve such scans 
were usually integrated in this work to increase the signal-to-noise ratio in the 
interferogram, and therefore in the computed spectrum. The spectral resolution 
routinely employed was 2 cm-l . This was sufficient in this work since in most cases, 
resolution of the vibrational-rotational structures of the molecules was not of major 
interest. When such resolutions became necessary, a Perkin Elmer 1800 FTIR 
spectrometer with a maximum resolution of 0.2 cm-l was used. Data collection with 
12 scans, transfonn computation of the scans, routine plotting of the spectrum and 
magnetic disk storage of the acquired spectrum were usually accomplished within 
10 min. 
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2.2 PREPARATION OF PEROXYACETYL NITRATE (PAN) 
2.2.1 Introduction 
Several procedures have been employed for the preparation of pure samples of 
PAN, both for research purposes and for the calibration of instruments for the 
determination of concentrations of the compound in the ambient environment.8 Some 
of the methods rely heavily on laboratory simulation of the conditions under which 
PAN is known to be formed in the atmosphere. Some examples include the photolyses 
of organic compounds such as biacetyl (2,3-butanedione), cis-2-butene, acetone and 
acetaldehyde in the presence of nitrogen dioxide and air or oxygen which gave PAN in 
high yields36,74-76 and the photolyses of alkyl nitrite vapours, such as ethyl nitrite and 
n-propyl nitrite, in the presence of oxygen to give PAN and peroxypropionyl nitrate 
(PPN) respectively.77,78 
Most PAN samples prepared using the photosynthetic procedures usually occur 
in admixtures with residual precursor gases and in spite of employment of series of 
trap-to-trap distillations, difficulties have been encountered in their purification. 
Recently, liquid phase synthesis of PAN by the nitration of peroxyacids in hydrocarbon 
solvents, which were originally considered only to be of theoretical interest, 8 have been 
optimised to afford high levels of pure PAN.79,80 PAN is isolated from these solvents 
by vacuum distillation at room temperature. PAN used in this study was synthesised by 
this method. 
2.2.2 Preparation of Peroxyacetic Acid 
Peroxyacetic acid was prepared by the reaction of acetic anhydride with 
hydrogen peroxide (2.1.1).81 Acetic anhydride (110 ml, 1.16 mol, freshly distilled) 
was cooled to -10 °C in an ice bath. Concentrated sulphuric acid (1 ml, M & B, 
97.5 - 100%) was added in one portion. To this solution was added hydrogen peroxide 
(20 ml, 30%, Bioscientific) gradually at this temperature with stirring over a period of 
1 h. The solution was kept at room temperature until the following day (often -21 h) to 
attain eq uilibri um. 
acetic anbydride Peroxyacetic acid 
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The concentrations of the residual hydrogen peroxide (mean, 0.010 M) and the 
peroxyacetic acid (mean, 1.119 M) were determined titrametrically using standard ceric 
s':Jlphate and sodium thiosulphate solutions, respectively. 
2.2.3 Synthesis of PAN 
PAN was prepared in n-tridecane solvent following the method of 
Gaffney et al. 80 The reaction involves the nitration of peroxyacetic acid with a mixture 
of sulphuric and nitric acid (2.1.2). 
CH3C(O)OOH + HN03 H2S04 C (2 1 2) n-tridecane/O 0C" H3C(O)OON02 + H20 .. 
Peroxyacetic acid PAN 
n-Tridecane (100 ml, 99%, Sigma chemicals) in a 250 ml, 3-necked round 
bottom flask equipped with a thermometer and a magnetic stirrer was cooled for 5 min 
to -0 °C in an acetone-ice bath. Peroxyacetic acid (10 ml, prepared as above) was 
added to the cooled solvent, followed by concentrated sulphuric acid (2 ml). The 
solution was continuously stirred for about 5 min. Concentrated nitric acid (2 ml) was 
added gradually and the reaction mixture stirred for another 5 min. The mixture was 
poured into a separatory funnel containing 100 ml of ice-cold water. The n-tridecane 
layer containing the PAN was separated from the aqueous phase, washed twice with 
ice-cold water and stored in a freezer (--20°C). PAN in n-tridecane stored at this 
temperature was found to be stable for more than 3 months. 
When required, pure samples of gaseous PAN were obtained by freeze-pump-
thawing of the P ANln-tridecane solution to remove dissolved air, and subsequent room 
temperature distillation of the compound from the solvent into an evacuated flask 
immersed in liquid nitrogen. The purity and concentration of the gaseous PAN samples 
were determined by FTIR spectrometry using previously determined absorption 
coefficients of the major IR bands82 (see also Chapter 3). PAN samples obtained in this 
way were found to be >98% pure. Minor amounts of thermal decomposition products 
(methyl nitrate and carbon dioxide) were observed as a result of the very long handling 
times involved in distilling sufficient PAN for the large cell. The trace amount of 
carbon dioxide (C02) was readily removed by degassing at -78 °C prior to introduction 
of PAN into the cell. 
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2.3 PREPARATION OF METHYL NITRATE 
Methyl nitrate and carbon dioxide are well known products in the thermal 
dissociation of PAN. It was therefore necessary to obtain pure samples of methyl 
nitrate in order to calibrate analytical systems used in monitoring PAN decomposition. 
Methyl nitrate was prepared by scaling down a previously reported synthetic 
procedure.83 The reaction involves the nitration of methanol with a mixture of 
concentrated sulphuric and nitric acid (2.13). 
H2S04 CH30H + HN03 ---O=-OC---':---l.~ CH30N02 + H20 (2 .1.3) 
Methanol Methyl nitrate 
Concentrated sulphuric acid (5 ml) in ice-cold methanol (15 ml) was gradually 
added to a mixture of concentrated sulphuric acid (30 ml) and concentrated nitric acid 
(30 ml) at ice-bath temperature. The methyl nitrate layer was isolated from the aqueous 
layer and washed with 22% sodium chloride solution, followed by 2 portions of 
distilled ice water (10 ml). Further purification was accomplished by trap-to-trap 
distillation under vacuum at room temperature. No impurities were detected in the 
vapour phase FI1R spectrum of the distilled compound. 
2.4 THERMAL DECOMPOSITION OF PAN 
Low pressures of PAN « 0.5 torr) were introduced into the 6 m cell and 
allowed to decompose thermally at room temperature. The thermal decomposition 
products were photographed using the Jarrell-Ash spectrograph. Absorption spectra 
were recorded in the first order after 24 traversals of the incident radiation, resulting in a 
pathlength of 144 m. The desired wavelength region (A. > 300 nm) used for the 
absorbance measurement was isolated with a 1 mm thick, blue-violet, glass 
filter (OB-lO, Chance Pilkington). 
Exposures were made as soon as possible after the introduction of PAN into 
the cell and repeated at regulated intervals during the residence time of the compound in 
the cell. At all other times, the entrance aperture to the cell was shut from the incident 
light beam. This minimized exposure of PAN to the incident radiation. As PAN has 
negligible absorption in the region of the electromagnetic radiation (A. > 300 nm) used 
for the spectroscopic monitoring, photochemically initiated decomposition was expected 
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to be insignificant. Spectra were recorded on Kodak spectroscopic plates (type 103-0) 
and the entrance slit of the spectrograph was maintained between 0.02 and 0.03 mm 
dQring the acquisition of spectra. With the grating in first order, the plates covered a 
range of 120 nm. The plate holder is moved by a screw motion after each exposure. 
Variable exposure times and different residence times were employed during the 
experiments. All absorbance measurements were recorded at room temperature 
( 295 ± 2 K). The wavelength calibration of the spectrographic system was 
done with an iron hollow-cathode lamp. 
Complementary identification and quantification of the decomposition products 
were undertaken by collecting aliquot samples of the reaction mixture, from the large 
cell, in 10 cm IR cells and measuring the IR spectra using the FTIR spectrometer. 
Figure 2.3 shows a sketch of a typical 10 cm pathlength IR cell with cold frnger used in 
this work. In addition, at the end of the monitoring period, the entire reaction mixture 
in the large cell (except possible non-condensable products) were trapped at liquid 
nitrogen temperature and analysed by FTIR spectroscopy. 
To vacuum line 
t 
t 
Cold finger 
Removable brass 
retainers 
KBr windows 
Figure 2.3. Sketch diagram of 10 cm cell with cold frnger used for the FfIR 
measurements. * 
*Diagram of 10 em IR cell was kindly drawn by Marilyn Olliff, Physical Chemistry Research Group, 
Department of Chemistry, ANU. 
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In some experiments, the thermal decomposition was monitored by the 
scanning UVNis spectrometer coupled to the lock-in amplifier. In particular, the 
f~rmation rate of nitrogen dioxide was more appropriately monitored by 
measuring the growth of one of its major absorption bands using this instrument, the 
PMT detector and a plotter. The spectra were scanned as a function of time at 446 nm. 
Other possible PAN decomposition products were not expected to absorb in this 
wavelength region. 
Higher pressures of pure PAN (l - 12 torr) were also allowed to decompose 
thermally in 10 cm pyrex IR cells with KBr windows. These thermal decomposition 
studies were also conducted at room temperature. Characterization and quantification of 
the products obtained from the thermal decomposition were accomplished by in situ 
measurement of the FI1R spectra. 
2.5 MEASUREMENT OF ULTRAVIOLET ABSORPTION 
CROSS-SECTIONS OF PAN 
Attempts were made to measure the absorption cross-sections of pure PAN 
using the White's optical set-up. Immediately after introduction of PAN into the cell, 
the emergent beam (after 24 traversals) was fed into the one metre scanning 
spectrometer. The absorption spectrum was then scanned between 400 and 200 nm. 
Both the entrance and the exit slits of the spectrometer were maintained at 0.02 mm. 
The measured absorbances, especially towards the visible region, contained some 
contributions from nitrogen dioxide and nitrous acid, due to rapid decomposition of 
P AN in the large cell. These species were later identified among the decomposition 
products of PAN. Treatment of the data by correcting for absorptions contributed by 
the decomposition products yielded absorption cross-sections of PAN for A. ~ 340 nm. 
2.6 PROCESSING OF THE ABSORPTION SPECTROSCOPIC PLATES 
The spectroscopic plates were developed in Eastman D-19 developer, while 
photographic papers were developed in Eastman D-72 developer. 84 The developers 
were prepared according to the standard formula (Table 2.1), except that rodinal 
(p-hydroxyaniline) was substituted for metol (p-hydroxymethylaniline). Developments 
were complete within 3 min. The negatives were then transferred to an acid-stop 
(5% aqueous glacial acetic acid) for between 0.5 and 1 min before being placed in the 
fixing solution. The fixing solution was an Eastman F-5 prepared according to the 
24 
formula in Table 2.2. Plates and papers were completely fixed within 15 min, then 
washed with water and dried. 
Table 2.1 
Rodinal-Hydroquinone Developers 
Eastman D-19 a Eastman D-72 b 
Hot water (52°C) 
Rodinal 
Sodium sulphite (anhydrous) 
Hydroquinone 
Sodium Carbonate, monohydrate 
Potassium bromide 
Water to make 
(Stock Solution) 
1000.0 ml 
4.4 g 
192.0 g 
17.6 g 
96.0 g 
10.0 g 
2.0L 
6g 
88 g 
24 g 
130g 
4g 
2.0L 
achemicals are dissolved in order given and used at room temperature (-20°C) without dilution. 
bFor use, one part of stock solution was diluted with four parts of water. 
Table 2.2 
Sodium thiosulphate fixing solution (Eastman F-5) 
Water (-50°C) 
Sodium thiosulphate (hypo) 
Sodium sulphite, anhydrous 
Acetic acid (28 %)* 
Boric acid, crystalst 
Potassium alum 
Water to make 
1200.0 ml 
480.0 g 
30.0 g 
96ml 
15.0 g 
30.0 g 
2.0L 
*28% acetic acid was prepared by diluting 3 parts of glacial acetic acid with 8 parts of water. 
tCrystalline boric acid should be used. Powdered boric acid dissolves only sparingly and its use 
should be avoided. 
Further analyses of the spectroscopic plates were done by microdensitometric 
tracing* and by image transformation using 'Image'.t Concentrations of the thermal 
products were evaluated from band intensities in the tracings using published UVNis 
absorption cross-sections.85-87 
*Microdensitometric tracings were done at The Department of Physical and Theoretical Chemistry, 
University of Sydney. My gratitude goes to Dr. A. Lacey for his permission to use the facility. 
hmage' is an Apple Macintosh program for digital image processing and analysis. The analyses were 
carried out at The Electron Microscopy Unit, EMU, Research School of Biological Sciences, The 
Australian National University, ANU. 
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2.7 1,2,3-TRIAZINE 
2.7.1 Synthesis of 1,2,3-Triazine 
1,2,3-Triazine was prepared by the oxidation of 1-aminopyrazole with sodium 
periodate (NaI04) following the procedure reported by Okatani et a/.88 The starting 
1-aminopyrazole was synthesised by N-amination ofpyrazole with hydroxylamine-O-
sulfonic acid (HAS) in alkaline medium.6I 
~ 
N-N 
I 
H 
Pyrazole 
H2NOS03H .. ~_N-O-~_?""':::~-. ~ 
N-N N~ N 
I ~N"" 
NH2 
N-aminopyrazole 1,2,3-Triazine 
(2 .1.4) 
2.7.2 Preparation of l-Aminopyrazole by N-Amination of Pyrazole 
A mixture of pyrazole (6.81 g, 0.10 mol) and sodium hydroxide (24 g, 
0.60 moil was dissolved in water (160 ml). The solution was warmed to 50°C and 
hydroxylamine-O-sulfonic acid (33.93 g, 0.30 mole) added in small portions with 
stirring, maintaining the temperature below 60 0c. 
After addition was complete, the stirring was continued for another 30 min at 
room temperature and the reaction mixture extracted with chloroform. The organic 
phase was washed with water, dried with anhydrous sodium sulphate and evaporated to 
dryness. The crude product was distilled under vacuum (-1 mmHg) at 80°C to afford a 
colourless oil. The maximum yield of the pure compound was 3.58 g (43%). The 
purified product was characterised by 1 H NMR (0, 7.38 (d; 2H), 6.14 (t, 1H), 
5.58 (bs, 2H), CDCI3), MS (m/z [%, relative abundance], 83 [37], 68 [100], 55 [10], 
and 54 [10]), FTIR spectroscopy (3196, 1404, 1198, 1047 and 967 cm-I ), and by 
elemental analysis (Calculated/Found (%), C 43.36/43.60, H 6.07/5 .96, 
N 50.57/47.31). These spectroscopic data match available information on the 
compound.61 ,89 
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2.7.3 Preparation of 1,2,3-Triazine by Oxidation of l-Aminopyrazole 
l-Aminopyrazole (0.83 g, 0.01 mol) was dissolved in a mixture of 
dichloromethane (30 ml) and water (10 ml). The mixture was cooled to -0 °C and solid 
sodium periodate (4.28 g, 0.02 mol) was added with stirring. The reaction mixture was 
stirred for -15 h at 0 - 5 °C and then extracted thoroughly with chloroform. The 
chloroform extract was dried over anhydrous sodium sulphate and concentrated to about 
10 ml by rotary evaporation. The remaining solvent was removed by distillation under 
vacuum (-1 mmHg) at room temperature. The crude product was purified by repeated 
vacuum sublimation (- x 10-3 mmHg) at room temperature to give a white powder. 
The average yield of 1,2,3-triazine obtained after several vacuum distillations was 
0.21 g (25%). 
1,2,3-Triazine was characterized by UV/Vis, FTIR, MS, IH NMR 
spectroscopy and by elemental analysis (Table 5.1 , Chapter 5). Purity of the compound 
after several vacuum trap-to-trap distillations at room temperature was found to 
be >98%. The compound was stable for several months when stored under vacuum in 
the freezer (--20°C). 
2.7.4 Preparation of Acetylene 
Acetylene has been noted to be one of the products during the thermolysis of 
1,2,3-triazine. It was therefore required in this work for calibration of the FfIR and 
UV spectrophotometers used in monitoring the decomposition of 1,2,3-triazine. 
Acetylene was prepared by the reaction of calcium carbide with water in a vacuum line 
(2.1.5).90 Calcium carbide (0.0438 g) was reacted with water (1 ml) in vacuo. The 
generated acetylene was purified by passing through activated alumina, calcium chloride 
and sodium hydroxide pellets. No other detectable bands appeared in its vapour phase 
IR spectrum after purification. 
CaC2 + 2H20 --------.. - C2H2 + Ca(OHh (2.1.5) 
Calcium Acetylene 
carbide 
2.7.5 Infrared and Raman Spectroscopic Measurements of 
1,2,3-Triazine 
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IR spectra of 1,2,3-triazine were recorded in KBr and CsI disks on Perkin 
Elmer 1600 and 1800 spectrometers. The spectra were measured at instrumental 
resolutions of 2 cm-l and 0.2 cm-l on the 1600 and 1800 models, respectively. The 
vapour pressure of 1,2,3-triazine at ambient temperature is too low to allow 
conventional measurement of the vapour phase IR spectrum in 10 cm pathlength cells, 
therefore no vapour phase IRJRaman spectra were recorded. 
The Raman spectra were recorded on solid samples using a scanning 
spectrometer (Spex 1404).* The samples were excited by the 458 and 488 nm lines of 
the argon ion lasers, and the 647 nm line of the krypton ion laser. The output powers of 
the laser lines were 150,700 and 500 mW, respectively. 
2.7.6 Vapour Phase UV Absorption Measurement of 1,2,3-Triazine 
Attempts to introduce 1,2,3-triazine in the vapour phase into the 6 m multi-pass 
cell through the associated gas handling manifolds proved unsuccessful because of its 
very low vapour pressure at ambient temperature. Solid samples of 1,2,3-triazine were 
therefore placed in one end of the cell in a small cap. The cell was degassed and the 
optics aligned. The sample was allowed to build up pressure equal to its vapour 
pressure at 295 K. In many cases, it required more than 4 h of residence time in the cell 
for 1,2,3-triazine to build up sufficient vapour pressure to yield discernible absorption 
using the first-order of 
spectra. Absorption spectra were photograpnea A the J.4 m Jarrell-Ash Ebert 
spectrograph. The spectra were recorded at pathlengths ranging from 144 to 264 m. 
The slit width of the spectrograph was maintained at 0.02 mm, which was found to be 
sufficient for moderate resolution of the spectra. Absorption spectra of 1,2,3-triazine 
were also measured at temperatures between 313 to 333 K. The photographic plates 
were processed as earlier described (Section 2.5). 
*1 wish to thank Dr. E. R. Krausz (Laser and Optical Spectroscopy Group, Research School of 
Chemistry) for his kind assistance with the recording of the Raman spectra. 
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2.8 PHOTOLYSIS OF 1,2,3-TRIAZINE 
2.8.1 Irradiation of Samples and Product analyses 
1,2,3-Triazine was photolysed in methanol and hexane solutions. UV 
spectroscopic grade hexane and methanol (SpectroSol) were used without further 
purification. The neat solvents have negligible absorbance « 0.05 in 10 cm cells at 
210 nm and above) when matched with a background. Solutions of 1,2,3-triazine in 
methanol and hexane were irradiated in 10 cm pathlength cylindrical cells of 1.9 cm 
diameter using the continuous out-put of a short-arc lamp (Varian high-pressure xenon 
lamp (150X8S) with Varian power supply, P-150S-7) coupled to a 0.25 m Bausch and 
Lomb monochromator (narrow band width). Irradiations were carried out at the 
wavelength of maximum absorbance (e.g., 288 nm for methanol) and at other selected 
wavelengths within the principal absorption band (350 - 270 nm). The band-pass was 
maintained at 6 nm at all wavelengths throughout the photolyses. All photolyses were 
conducted at room temperature (295 ± 2 K) and on both degassed and undegassed 
solutions. Degassing was accomplished on the vacuum line by several freeze-pump-
thaw cycles of the prepared samples before transfer to the photolysis cells. 
Light intensities incident on the front window of the photolysis cell at each 
photolysis wavelength were detennined by potassium ferrioxalate actinometry. 91 
Solutions of potassium ferrioxalate (0.006 M) prepared as described by Calvert and 
Pitts,40 were irradiated using the same optical train as was used for the sample solutions 
(see details below). The fractions of light absorbed by the sample solutions were 
detennined using a photomultiplier tube (RCA-IP28) and were comparable to those 
evaluated using the molar absorptivity of 1,2,3-triazine at the respective wavelengths of 
irradiation, i.e., [labs = 10(1 - lO-Ecl)]. The response of the photomultiplier tube to 
incident light intensity was calibrated with the potassium ferrioxalate actinometer. The 
out-put of the phototube was measured using a digital multi-meter (Fluke 8000A). 
Variations in the incident light intensity were effected by placing glass filters of known 
transmission characteristics between the light source and the sample cell. The 
photolysis set-up is shown in Figure 2.4. 
The progress of the photochemical decomposition of 1,2,3-triazine was 
monitored by changes in the optical absorbance of the photolysed solution at its UVNis 
absorption band maximum (288 nm, methanol; 295 nm, hexane). Possible 
photodecomposition products of 1,2,3-triazine were not expected to absorb in this 
region, although it was later seen not to be entirely the case (see Chapter 6). 
Irradiations were interrupted at regulated intervals and UVNis absorption spectra of the 
solutions were recorded using UV/Vis Shimadzu-160 and Cary 219 (Varian) 
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spectrophotometers. Concentrations of 1,2,3-triazine (-x 10.4 M) were chosen in such 
a way that UV spectra were recorded directly on the irradiated solutions without further 
dilution. 
Lamp 
Filter 
1 
Lamp housing Lens 
1 Oem Gas cell 
with cold finger 
Figure 2.4. Short cell photolysis apparatus. 
Photomultiplier 
tube (PMT) 
After irradiation, some of the samples were subjected to product analyses. The 
photolyses mixtures were frozen in vacuo at liquid nitrogen temperature and degassed 
(in the case of undegassed samples) by freeze-pump-thaw. The samples were then 
wanned to -80°C and uncondensed gases at this temperature were isolated in a 10 cm 
gas cell with KBr windows and their infrared spectra recorded with the FTIR 
spectrometer (perkin Elmer 1600). 
The vapour phase photolysis of 1,2,3-triazine was carried out in equilibrium 
with the solid sample. This was due to its low vapour pressure as stated earlier. 
Samples of 1,2,3-triazine (-10 mg) were placed in the side arm of a 10 cm gas cell with 
quartz cylindrical body. The samples were degassed on the vacuum line and 
1,2,3-triazine vapour was allowed to saturate the gas cell. The vapour phase was 
irradiated at 288 nm in the cylindrical quartz cell body using the same light source 
described above. It was assumed that the saturated vapour pressure of.1,2,3-triazine 
was maintained throughout the photolysis by replenishment from the solid sample in the 
side ann. The photoproducts were analysed by FTIR spectroscopy. 
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2.8.2 Actinometric Determination of Light Intensities 
The potassium ferrioxalate actinometer, developed by Parker and Hatchard,91 
was used for the determination of the intensity of the light source incident on the front 
window of the photolysis cell. The fractions of light absorbed by 1,2,3-triazine during 
the photolyses were evaluated from the actinometric measurement, in conjunction with a 
Photomultiplier tube. 
When sulphuric acid solutions of potassium ferrioxalate (~Fe(C204)3.3H20) 
are irradiated in the range from 250 to 577 nm, simultaneous reduction of iron to the 
ferrous state and oxidation of oxalate ion occur. The quantum yields of Fe2+ formation 
have been accurately determined,40,91,92 and light absorption by the reactant is very 
significant for the range 480 - 254 nm. The product, ferrous ion, and its oxalate 
complex in these solutions, do not absorb the incident radiation measurably during the 
photolysis, but after the exposure the ferrous ion is made highly absorbing and easily 
analysed by the formation of the red-coloured 1,1O-phenanthroline-Fe2+ complex. The 
very high absorbing coefficient of the complex makes it possible to determine small 
amounts of Fe2+ derived from very short exposures. The ferrioxalate actinometer is 
very sensitive over a wide range of wavelengths and is particularly appealing due to its 
simplicity. The small dependence of these yields on reactants and product 
concentrations, intensity of the incident light, and temperature over a considerab"le 
range, adds to the utility of this actinometer. 
The preparation of materials and subsequent measurements were undertaken 
according to the literature.4o Potassium ferrioxalate (K3Fe(C20 4)3 .3H20 ) was 
prepared by mixing (with vigorous stirring) 3 volumes of 1.5 M potassium oxalate 
(~C20 4) solution and 1 volume of 1.5 M solution of ferric chloride (FeCI3), reagent 
grade chemicals. The precipitated potassium ferrioxalate was doubly recrystallized from 
warm water and then dried in a current of warm air (45 °C). 
Potassium ferrioxalate solution (0.006 M) was prepared by dissolving 2.947 g 
of the solid sample in water (800 ml) and sulphuric acid (1.0 N, 100 ml). The solution 
was diluted to 1 L and thoroughly mixed. A 0.006 M solution of potassium ferrioxalate 
can be used conveniently for wavelengths up to 430 nm as it absorbs, in a 1 cm path, 
greater than 99% of the light up to 390 nm and 50% at 430 nm. 
A standard calibration graph for analysis of the 1,1O-phenanthroline-Fe2+ 
complex was prepared with both the Shimadzu 160 and Cary 219 UV/Vis 
spectrophotometers. The standards were prepared as follows: (a) - 0.4 x 10-6 mole of 
Fe2+/ml and 0.05 M in H2S04, was freshly prepared from standardized 0.1 M FeS04 
solution which was 0.1 M in H2S04 by dilution with 0.01 M H2S04. (b) A 0.1 % 
(by weight) solution of 1,1O-phenanthroline in water and (c) a buffer solution prepared 
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from 600 ml of 1 M Na02CCH3 and 360 ml of 0.5 M H2S04 diluted to 1 L. To a 
series of eleven 25 ml volumetric flasks was added with analytical pipettes 0, 0.5, 1.0, 
1~5, ....... , 4.5 , 5.0 ml of standard (a). Sufficient 0.05 M H2S04 was added to each 
flask to make the total volume of solution in each about 10 ml. Approximately 2 ml of 
(b) and about 5 ml of (c) were added and then the solutions diluted to volume with 
water. The prepared standards were left in the dark for about 80 min. The optical 
density of each solution was then determined at 510 nm in a 1 cm patblength cell, using 
the prepared iron-free solution as a reference. A linear plot of absorbance (log10 IofI) vs 
molar concentration of Fe2+ complex gave the molar extinction coefficient (slope of 
plot) of the 1, 1O-phenanthroline-Fe2+ complex. 
The ferrioxalate solution (30 ml, V 1) was irradiated for t s, in a 10 cm silica cell 
(the same one that was used for the photolyses of the 1,2,3-triazine) at the desired 
wavelengths. After the irradiation, 10 ml (V 2) of the solution was pipetted into a 25 ml 
(V3) volumetric flask. Phenanthroline solution (b), 2 ml, was added, followed by 5 ml 
of the buffer solution (c). The solution was diluted to the mark with distilled water. A 
blank was prepared in the same way but using an unirradiated solution of the 
ferrioxalate. 
The absorbances (A) of the solutions were measured at 510 nm in a 1 cm cell. 
The blank was used as a reference during spectrophotometric determination of the 
1,1O-phenanthroline-Fe2+ complex. From the data, the number of ions of Fe2+ formed 
during the photolysis (nFe2+) was calculated from the formula: 
6.023 X 1020 V1V3 A 
V2 lE 
where V 1 = the volume of the actinometer irradiated (30 ml) 
V 2 = the volume of the aliquot taken for analysis (10 ml) 
V 3 = the fmal volume to which the aliquot V 2 is diluted (25 ml) 
A = the measured optical density of the solution at 510 nm 
1= patblength of the spectrophotometer cell used (10 cm) 
(2.1 ) 
E = the experimental value of the molar extinction coefficient of the Fe2+ 
complex as determined from the slope of the calibration plot 
By using the nFe2+ value from above, the calibrated quantum yield of 
Fe2+ (q,Fe2+) obtained from Calvert and Pitts,40 and Hatchard and Parker91 for the 
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appropriate wavelength, the time of exposure (t s), and the fraction of light absorbed by 
the length of the actinometer employed, the light intensity just inside the front window 
o~ the photolysis cell (10) was calculated from: 
quanta S-1 (2.2) 
The fraction of the incident light absorbed by the actinometer 
[1-(I11o) = 1-1O-Ec1], is generally either measured experimentally or calculated from 
known values of the molar absorptivity (E), concentration of ferrioxalate solution 
(c) and patblength of cell (1). 10 and I refer to the usual notations for the incident and 
transmitted light intensities respectively. In the present experiments, the incident light 
was deemed to be completely absorbed at the concentrations of the actinometer used, 
therefore the fraction of incident light absorbed equalled unity. The response of the 
PMT to light intensity was determined using the actinometer. The calibrated PMT was 
then employed in the estimation of the fraction of the incident light absorbed during the 
irradiations of 1,2,3-triazine. 
2.9 LONG PATH VAPOUR-PHASE ULTRAVIOLET ABSORPTION 
MEASUREMENT OF CARBONYL COMPOUNDS 
Carbonyl compounds used for the experiments were obtained commercially 
with the following specifications: acetaldehyde (UNILAB Laboratory Reagent, > 99%), 
acetone (Mallinckrodt, SpectrAR grade), methyl ethyl ketone (2-butanone), methyl-
n-propyl ketone (2-pentanone) and diethyl ketone (3-pentanone) (BDH Laboratory 
Reagent, > 99%). Each compound was degassed by several freeze-pump-thaw cycles, 
then purified by trap-to-trap distillation under vacuum. No impurities were detected in 
either the IR or UV spectra of the purified samples. 
Gas pressures were determined using a capacitance manometer (MKS 
Baratron, 223BD, 0-10 Torr head) or the Speedivac gauge depending on the pressure 
range measured. Absorbance of the carbonyls was measured using the 6 m cell 
equipped with the White-type multi-traversal optics, the associated light source and 
analysing instruments. The absorption region of interest (A. > 300 nm) was isolated 
with the Chance-Pilkington OB-lO, blue-violet, glass ftlter. UVNis absorptions were 
recorded at 144 m pathlength using the one metre scanning spectrometer (Spex 1704). 
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Wavelength calibration of the spectrometer was accomplished with an iron hollow-
cathode lamp and with a medium intensity mercury lamp. Wavelength accuracy 
was ± 0.5 nm. 
Samples were routinely scanned at a rate of 5 nmlmin from 300 to 450 nm. 
These fast scans were used to avoid possible photodecomposition of the carbonyls in 
the cell. Six to ten individual spectra were acquired for each compound at different 
values of absorbing gas pressures ranging from 20 to 70 torr. The weighted average of 
the results for each compound was evaluated. No significant absorptions were recorded 
at pressures below 20 torr in this wavelength region. At pressures greater than 70 torr, 
the samples were observed to condense on the mirror surfaces. Data reported here 
apply to absorption measurements in the pressures between 20 and 70 torr. Within this 
pressure and wavelength range, Beer's law was obeyed, though slight deviations were 
observed at the higher pressures. After the recording of the UV absorption spectra, 
each sample was re-examined with the Perkin Elmer 1600 FTIR spectrometer. No new 
peaks were detected in the spectra. All the compounds were therefore found to be stable 
within the period of sample preparation and UV spectral measurement. 
CHAPTER 3 
THERMAL DECOMPOSITION OF PEROXY ACETYL 
NITRATE AT AMBIENT TEMPERATURE 
SUMMARY 
The thermal stability of PAN at 295 ± 2 K has been investigated. 
The decomposition of pure samples of PAN was monitored at pressures 
of 1-12 torr in 10 cm IR cells and at ~ 0.5 torr in the large multi-pass 
cell. In 10 cm cells, initial decomposition followed somewhat higher 
than first-order kinetics before changing after several hours to 
approximately first order. The apparent first-order rate constants were 
found to be pressure dependent ranging from 5.78 xl 0-5 min·] at 1 torr 
to 1.85 x 10.5 min · ] at 8 torr. These correspond to thermal 
dissociation half-lives of 200 and 624 h at the respective pressures. The 
apparent first-order rate constants determined in the large cell range from 
2.82 x 10-3 min·] at 0.5 torr to 1.38 x 10-2 min·] at 0.13 torr. The rate 
constants at the lower pressure limits afford a lifetime of the order of 
70 min for PAN. This compares favourably with lifetimes determined 
for the compound in diluent gases under atmospheric 
conditions. 25,27,93,94 
The thermal decomposition products included carbon dioxide, 
methyl nitrate, nitrogen dioxide, formaldehye and nitrous acid. The 
formation of these products is rationalized by a decomposition 
mechanism in which PAN undergoes initial homolytic cleavage to the 
acetylperoxy radical and nitrogen dioxide, followed by reactions of these 
radicals. 
The UV absorption cross-sections of PAN were also measured in 
the range 200 - 340 nm. This is the first time absolute absorption cross-
sections for the compound have been determined beyond 300 nm. The 
new cross-sections have been used to evaluate photodissociation rate 
constants for PAN at representative sets of atmospheric conditions. At 
noon, latitude 40° N, on January 1 and July 1, the photodissociation rate 
constants, close to sea level, were calculated to be 1.44 x 10-4 min·] and 
3.18 x 10.4 min·], respectively. The corresponding photodissociation 
lifetimes, 4.8 and 2.2 days, respectively, are shorter than the only result 
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so far published for the compound,28 but are significantly higher than the 
thermal lifetimes. Photodissociation is therefore not a significant 
pathway for the loss of PAN compared with the thermal decomposition, 
which is confirmed to be the dominant route for its destruction in the 
troposphere. 
Since IR spectroscopy was one of the major analytical techniques 
used for the quantification of PAN in various aspects of this work, the 
IR spectrum of the compound was re-examined. Molar absorptivities 
were evaluated for the five principallR bands. The results are consistent 
. h . l d l 268295 d ·l h d · . wit prevIOus y reporte va ues ' , an reconCl e t e lscrepancy in 
one of the bands. 96 
3.1 INTRODUCTION 
3.1.1 Peroxyacyl Nitrates (PANs) 
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The peroxyacyl nitrates (PANs) are atmospheric organic nitrogen compounds 
whose chemistry has" attracted great interest in the last thirty years. In the early 1950s, 
Stephen and his collaborators7-9 revealed that when low concentrations (ppm) of certaln 
hydrocarbons were irradiated with UV light in the presence of air containing traces of 
nitrogen oxides, a novel compound was produced. This compound was later found to 
have the structure CH3 C (0) 0 0 N 0 2 and is known as peroxyacetyl 
nitrate (PAN, Figure 3.1). It is the first known and most widely distributed member 
of a homologous series of organic nitrates with the general formula RC(O)OON02, 
where R is alkyl or aryl. In accordance with the IUPAC systematic nomenciature,97,98 
these compounds being mixed anhydrides of a peroxycarboxylic acid and nitric acid, 
should be strictly labelled peroxycarboxylic nitric anhydrides. This thesis, however, 
adopts the more commonly used nomenclature, peroxyacetyl nitrate (PAN) for 
CH3C(O)OON02 and peroxyacyl nitrates (PANs) for the series, to avoid structural 
ambiguity. 
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Figure 3.1. Peroxyacetyl nitrate (PAN). 
3.1.2 Formation of PANs 
The detailed mechanism by which PANs are produced in the atmosphere is not 
.fully understood. It is however generally postulated that the first stages of formation 
involve the production of the acylperoxy radicals (RC(O)OO') by the reaction of certain 
organic compounds with hydroxyl radical ("OH). The major source of the hydroxyl 
radical in the atmosphere is through the photolysis of ozone33,99 which yields excited 
oxygen atoms that react rapidly with water molecules. The final step in the formation of 
PANs involves the reversible combination of the acylperoxy radicals with nitrogen 
dioxide. Scheme 3.1 illustrates the series of atmospheric reactions postulated for the 
formation of PAN from acetaldehyde. 10 
Although photochemical smog has been recorded much more frequently in the 
Los Angeles area of California (USA)II ,12 and in some parts of Europe,16, 100,101 
conditions favouring its formation are now prevalent in many places all over the 
world. 102,103 Areas with high motor traffic density, high sunlight intensity and 
frequent temperature inversions are subject to photochemical smog phenomenon. 
Gasoline vapours, auto exhausts and pure hydrocarbons are all precursors of PANs. It 
is therefore not surprising that PAN has been measured at numerous places around the 
world8,11 ,12 and recent results have shown it to be ubiquitous throughout the 
troposphere. 13,14 At rural locations in the United States, PAN was observed in nearly 
every sample, with average concentrations of -0.5 - 0.7 ppb. 14 Background levels of 
PAN in the ' clean ' air over the Pacific Ocean had a mean concentration of 0.032 ppb. 15 
In polluted air, concentrations in the range 4 - 10 ppb are often found 16 while levels 
exceeding 50 ppb have been recorded during some of the severe photochemical smog 
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episodes often encountered in Southern California, USA. 17 About 70 to 90% of PAN 
precursors (hydrocarbons and nitrogen oxides) are from anthropogenic 
emissions. 103.104 
0 3 + hv 
A~ 320 nm ' o-2(I~g) '0 ' (ID) (3. 1.1) .. + 
'o-eD) + H2O .. 20B" (3. 1.2) 
CH3CHO + 'OH ... CH3Co- + H2O (3. 1.3) 
CH3Co- + ' 02(I~g ) .. CH3C(0)Oo- (3. 1.4) 
CH3C(0)Oo- + 'N02 
(M) 
- CH3C(0)00N02 (3.1.5) 
PAN 
Scheme 3.1. Photosynthesis of PAN from acetaldehyde and nitrogen oxide 
precursors. 
Since PAN is formed only as a secondary pollutant in the atmosphere, it is 
generally considered a better indicator of photochemical air pollution caused by long-
range transport than ozone, which also has significant natural sources. 14,I05 As the 
equilibrium between PAN and nitrogen dioxide can shift rapidly with temperature, PAN 
can regenerate nitrogen dioxide at warmer temperatures. It is therefore believed that 
PAN plays a vital role as an organic reservoir of nitrogen oxides. 19 The atmospheric 
chemistry of PAN continues to attract a lot of interest because of the increasing levels in 
the atmosphere and the physiological and biological impacts on the environment PAN 
is a strong lachrymator and an established phytotoxicant. 22,23 It is said to be 
responsible for loss of productivity in agricultural crops worth millions of dollars 
annually in the US alone.l06-108 In addition, PAN has been suspected as a possible 
aetiological agent in the increasing incidence of skin cancer. 109 
The other homologues of the PAN family are not as widely distributed as PAN 
and have not attracted a matching interest The flrst member of the series, peroxyformyl 
nitrate (HC002N02, PFN), has never been identified and may be too unstable to 
survive detection if it is formed. The higher homologue of PAN, peroxypropionyl 
nitrate (C2H5C002N02, PPN), is sometimes observed along with PAN but at much 
lower concentrations. 110 An important aromatic homologue of the PANs is 
peroxybenzoyl nitrate (C6H5C002N02, PBzN). This compound is thought to be about 
two orders of magnitude stronger than PAN in eye irritations.23 Since its ftrst synthesis 
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and characterization by Heuss and Glasson23 in 1968, it has been observed in a number 
of laboratory systems where benzaldehyde or precursor aromatic hydrocarbons such as 
tqluene and styrenes are reactants. lll ,ll2 It is formed in an analogous manner to 
PAN.76 Although other peroxyacyl nitrates have also been synthesised in laboratory 
studies, to date only PAN and PPN have been observed in ambient air. 
3.2 STATEMENT OF THE PROBLEM 
One area of concern in studies involving the PANs has been to determine the 
atmospheric removal pathways in order to evaluate their atmospheric lifetimes. Such 
studies would help determine the toxicological impacts of their presence in the 
atmosphere. Numerous studies conducted on the stability of PAN have suggested that 
it is stable to photolysis in the sunlight region28 and also to reaction with hydroxyl 
radical. 29 It has however been found to be thermally unstable, even at ambient 
temperature, undergoing a temperature dependent decomposition that is facilitated by 
high nitric oxide levels.25 Consequently, the main mechanism for its removal in the 
atmosphere is thought to be through thermal decomposition. The thermal 
decomposition of PAN is known to produce mainly methyl nitrate and carbon 
dioxide.8,26 Two conflicting mechanistic schemes have been postulated for the 
decomposition reactions.8,26,27 
The thermal decomposition of PAN at room temperature was, therefore, 
re-examined as part of this work. The large gas cell equipped with multi-traversal 
optics was adapted for the investigation of the thermal decay at low pressures. The long 
paths, in conjunction with the photographic detector, provided the advantage of 
spectroscopic identification of short-lived and/or extremely low concentrations of 
primary decomposition products; a necessary tool in resolving some of the reported 
discrepancies in the mechanism of decomposition. 
The long paths derived from the instrument also made it possible to 
re-determine the UV absorption cross sections of PAN. The absorption cross-sections, 
especially in the sunlight region, are necessary criteria for assessing the significance of 
photodissociation as a possible removal pathway for the compound. The long paths 
closely approximate the tropospheric distribution of PAN in polluted air parcels and 
smog plumes. The need to use IR spectroscopy for the quantification of PAN in this 
work necessitated the re-evaluation of the IR absorptivities for its five principal bands. 
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3.3 EXPERIMENTAL 
The procedures used for the preparation and handling of PAN have been 
discussed in Chapter 2. Details of the large multi-traversal glass cell and its adaptation 
for monitoring the thermal decomposition of PAN were also presented. The 
decomposition of PAN in the large cell was monitored photographically and 
photoelectrically using the on-line UV detectors. Complementary IR measurements 
were made on aliquots collected in 10 cm gas cells. Investigations of the thermal 
decomposition at relatively higher pressures were also carried out by IR spectroscopy in 
10 cm cells. 
3.4 RESULTS 
3.4.1 Vibrational Spectra of PAN 
The infrared spectrum of PAN in the gas phase is shown in Figure 3.2. 
Vapour phase IR frequencies for PAN obtained in this study are listed in Table 3.1. 
Spectra were acquired at 2 cm'! resolution using 10 cm cells with KBr windows. The 
frequencies are accurate to within ± 2 cm-!. 
The molar absorptivities of the five most prominent bands of PAN were 
evaluated from the slopes of plots of pressure vs absorbance (Figure 3.3). The 
concentrations of PAN in the IR cells were calculated from pressure and temperature 
measurements assuming ideal gas behaviour. The determined molar absorptivities are 
presented in Table 3.2 together with data from earlier measurements.26•82,95 .96 The 
intensity of the five bands shown in Table 3.2 obeyed Beer's law within the pressure 
range (0.1 - 12 torr) used in this work. Traces of methyl nitrate and carbon dioxide 
were the only impurites that could be detected in the IR spectra of the PAN samples 
distilled from n-tridecane. From the IR spectra, it is estimated that the purity of the 
PAN samples used for these experiments was greater than 98%. 
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Table 3.1 
Vapour phase IR vibrational frequencies (cm-I) of PAN 
Band Relative Intensity Vih. No .. Vibrational mode* 
3022.0 w VI vasCH3 
2590.0 vw v2 vsCH3 
1841.4 S V3 v (C=O) 
1740.4 vs v4 vasN02) 
1427.1 W VS_7 8asCH3 
1375.2 m 8sCH3 
1301.9 s Vs vs(N02) 
1163.6 s V9 v (C-O) 
1055.5 w V 10,11 rCH3 
990.6 m VI2 v (C-C) 
930.7 m vl3 v (0-0) 
822.2 m VI4 v (N-O) 
794.0 S VIS 8 (N02) 
717.9 w VI6 r(N02) 
604.0 m v17 
573.9 m VIS 
487.1 w VI9 
v = stretching vibrations, 8 = in-plane bending or deformation, r = wagging or twisting. 
as and s denote antisymmetric and symmetric respectively. 
* Assignments were taken from Brockmann and Willner,26 Gaffney et al. SO and Varetti et aL. 113 
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Figure 3.3. Beer-Lambert's plots for the five principal bands of PAN. Spectra were 
taken in 10 cm IR cells. 
Table 3.2 
Infrared absorptivities (L mole-l cm-l ) for the five principal bands of PAN 
in the gas phase 
Wavenumber (cm-l ) 
1841.5 1740.5 1302.0 1163.5 794.0 
252 595 282 360 255 
312 821 343 398 338 
249 ± 12 756 ± 39 275 ± 15 353 ± 17 280 ± 15 
261 ± 5 751 ± 19 284±5 375±7 291 ± 5 
258±5 688 ± 20 290±8 381 ± 10 285 ±4 
Experimental conditions: 
a: PAN in 730 torr of air; resolution> 5 em-I; T = 295 K 
b: Pure PAN at 3 torr; resolution = 1.2 em-I; T = 295 K 
e: PAN in 700 torr of air; resolution = 0.06 em-I; T = 297 K 
d: Pure PAN at 0.3-8.7 torr; resolution = 1 em-I; T = 291 K 
e: Pure PAN at 0.1-12 torr; resolution = 2 em-I; T = 295 K 
3.4.2 Thermal Decomposition of PAN 
3.4.2.1 10 cm cell experiments 
Reference Note 
Stephens96 a 
Bruekmann et al.26 b 
Niki et al. 95 e 
Tsalkani et at. 82 d 
This work e 
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In the 10 cm cells, the kinetics of the thennal decomposition of PAN were 
followed by monitoring changes in intensities of the IR absorption of its principal bands 
and those attributed to the decomposition products. All the experiments were conducted 
at room temperature (295 ± 2 K). The IR spectra of PAN before and after thennal 
decomposition in 10 cm IR cells are shown in Figure 3.4. The surfaces of the NaCI 
and KBr windows were stable to PAN oxidation for several days, but were 
progressively attacked with time. This led to the deposition of a material on the cell 
windows that could only be removed by re-polishing of the windows. The substance 
deposited has a prominent peak at 1352 cm-J and no other bands could be associated 
with it (Figure 3.5). It could not be unambiguously identified but probably originated 
from a heterogenous reaction of the cell windows with the acetylperoxy radical or 
nitrogen dioxide. 
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Figure 3.4. FTIR spectra of PAN (a) before (2.8 torr) and (b) after partial thermal decomposition 
in 10 cm cell. In (b), the residual PAN bands are indicated with asterisks while the 
bands at 1674.8 and 668.0 cm-! belong to the decomposition products, methyl nitrate 
and carbon dioxide respectively. ~ ~ 
~ 
C) ; 
.c 
"" o
til 
.c 
< 
1.50 
~ 
lI'l 
fO') 
.-4 
0.00 -tl------r-----r-------------r------
1000 4000 3000 2000 
Wavenumber (em-1) 
Figure 3.5. FfIR spectrum of PAN decomposition product suspected to be formed 
from heterogenous reaction. 
~ 
(J1 
46 
As previously reported ,26,93 the rate of decomposition of PAN in the IR cells 
was found to be highly pressure dependent. A typical semi-logarithmic plot of the 
decay reaction (In[PANJ vs time) of pure PAN in 10 cm cell at 295 K is shown in 
Figure 3.6. The pressure dependence of the observed rate constant and the curvature of 
the semi-logarithmic kinetic plot indicate that the decomposition of pure PAN is not 
strictly a first-order kinetic process. Pseudo first-order rate constants (k) and half-lives 
(t1l2), of PAN were therefore experimentally determined, at various pressures, from the 
relationships: 
where 
In[PANJ t = In[PANJo - kt 
In2 
tl l2 = -k-
[p ANJ t = the concentration of PAN at any time t 
[p ANJo = the concentration of PAN at time zero (t = 0) 
(3.1) 
(3.2) 
The rate constants were determined from the slopes of the linear portions of the semi-
logarithmic kinetic plots. These pseudo first-order rate constants are presented in 
Table 3.3 along with two previously reported pressure dependent decomposition rate 
constants for the pure compound. 
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Figure 3.6. Semi-logarithmic plot of thermal decomposition of pure PAN 
(4.3 torr) in 10 cm cell at 295 K. 
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Table 3.3 
First order thermal decay rates (k) and half-lives (t I /2) for PAN at 295 K 
Initial Pressure Rate,k Half-life 
torr x 10-5 min-I tl12, h 
8.0 1.85±0.17* 624 
6.7 2.18 ± 0.14 530 
5.0 2.41 ± 0.23 480 
4.3 2.67 ± 0.13 432 
3.3 3.04 ± 0.17 380 
3.0 4.01 ± 0.30 288 
2.3 4.38 ± 0.12 264 
1.7 4.62 ± 0.18 250 
1.4 4.81 ± 0.39 240 
0.9 5.78 ± 0.10 200 
4.5a 4.79 241 
2.4a 7.90 146 
3.7b 7.70 15 
1.5b 2.89 400 
0.8b 2.31 500 
aFrom Senum et al. 27 (298 K). "From Bruckmann and Willne~6 (298 K) 
*The error limits represent two standard deviations of the slope of the plots. 
Systematic errors could contribute additional -10% uncertainty. 
Carbon dioxide and methyl nitrate were identified as the two principal products 
of the thennal decomposition of pure PAN in the 10 cm cells. Both compounds were 
quantified by IR spectroscopy using the previously determined absorption coefficients 
of their major bands. Figure 3.7 shows the IR spectrum of methyl nitrate that was 
prepared and used for the calibration of the FTIR spectrometer. Only the expected 
bands of methyl nitrate were observed in the spectrum. I 14 Major absorption bands are 
1640 (asymmetric N02 stretch), 1290 (symmetric N02 stretch), 860 (broad CO-N 
stretch) and 750 cm-I (NOz bend). Traces of nitromethane were also identified in some 
of the spectral runs during the decomposition. The ratios of carbon dioxide to methyl 
nitrate produced during decompositions were found to be erratic. Ratios obtained 
ranged from 5.8 to 16.6 (Table 3.4). 
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Table 3.4 
PAN and product ratios during thermal decomposition in 10 cm IR cells 
-
Initial PAN Pressure *P ANIMeON02 *PAN/C02 C02IMeON02 
(torr) 
4.30 3.3 0.6 5.8 
3.94 7.4 0.6 12.5 
2.90 9.9 0.5 16.6 
2.53 3.2 0.4 6.1 
1.91 4.0 0.2 10.5 
*Refers to amount of PAN decomposed. 
3.4.2.2 Kinetic experiments at lower pressures of PAN 
In the experiments performed at lower pressures in the large cell, PAN 
decomposition was monitored by both UV and IR absorption spectroscopy. Plate 3.1 
shows a spectrogram taken during the decomposition, while Figure 3.8 shows typical 
microdensitometric tracings of the photographic plate. The assignment of the 
formaldehyde absorption bands in the photographic spectrum were taken from 
Brand. 124 The tracings show absorption bands of PAN decay products at various 
stages of PAN decomposition. Some of the spectra recorded on the photographic plate 
were also analysed by 'Image'. Since PAN does not absorb significantly in the region 
of the UV measurements, the amount that had decomposed at each stage of the product 
analysis was determined by collecting aliquot samples from the large cell and measuring 
their IR spectra. The low PAN pressures used in the large cell disfavoured self-
bimolecular reactions of PAN and some of the radicals, while the long paths and the 
photographic detector allowed the detection of primary and short-lived decomposition 
products at very low concentrations. 
The UV absorption lines and bands were unambiguously assigned to 
formaldehyde (HCHO), nitrogen dioxide (N02) and nitrous acid (HONO). PAN, 
methyl nitrate and carbon dioxide are expected to have negligible absorption in this 
region of the UV (A. > 300 nrn) .28,l15.116 Approximate quantitative information on the 
formation rates of formaldehyde and nitrous acid were obtained from the optical 
densities derived from the microdensitometric tracings and literature values of 
absorption cross-sections at the band wavelengths. 86.87 
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Figure 3.B. Microdensitometric tracings of the photographic spectra taken during the 
decomposition of 0.19 torr PAN in the large cell. The spectra a-f were 
photographed after 25, 35, 40, 50, 80 and 110 min respectively, of PAN 
residence time in the cell. The main absorption bands belonging to the 
decomposition products N02, HONO and HCHO have been indicated. 
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In the case of nitrogen dioxide, its absorption cross-sections for the bands of 
interest were re-examined using the large cell and the on-line photoelectric detector. The 
v~ry low pressures of nitrogen dioxide used for the measurements ensured that the 
equilibrium 2N02 ~ N20 4, lies mainly to the left. 1 17-119 Results obtained for these 
bands were comparable to the literature values85 and were used for the evaluation of its 
concentrations. Typical variations in the concentrations of nitrogen dioxide, nitrous 
acid and formaldehyde during the decomposition of PAN are given in Table 3.5. The 
lower pressure rates for the decomposition of PAN and for the formations of nitrogen 
dioxide and formaldehyde are presented in Table 3.6. 
Table 3.5 
Product distribution during the thermal decomposition of 0.13 torr PAN in 
the large cell 
Time Concentration x 10-8 mol L-I HONO HCHO HCHO N02 N02 HONO 
min N02 HONO HCHO 
1.0 0.30 0.62 N.D* 2.1 
4.5 0.40 0.89 N.D 2.2 
12.0 0.50 1.10 N.D 2.2 
32.0 0.70 1.59 2.84 2.3 4.1 1.8 
77.0 1.15 2.74 4.79 2.4 4.2 1.8 
167.0 1.40 3.14 5.60 2.2 4.0 1.8 
*ND = Non-detected 
The product ratios obtained at the lower pressures were consistent. This is in 
contrast to those found in the small cell kinetic experiments, which appears to suggest 
that surface catalysed reactions may have played significant roles in the small cell 
experiments at the relatively higher pressures of PAN employed. On average, the ratios 
of formaldehyde, nitrous acid and nitrogen dioxide produced were 4 : 2 : 1. These 
results have estimated errors of about 25%, representing two standard deviations of the 
slope of the kinetic plot. The major source of error was from the photographic plates; 
due to their restricted linear exposure sensitivity. Moreover, nitrogen dioxide was 
expected to be involved in subsequent fast reactions, hence the quantities determined 
were not necessarily the absolute amounts produced. With time, formaldehyde may 
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also undergo polymerisation in the cell, which may lead to underestimation of its 
concentrations. 
Table 3.6 
Rate constants for the thermal decomposition of P AN at low pressures and 
formation of products 
Initial Pressure k * 1 half-life ls** ~*** k **** 4 
of PAN, torr x 10-2 min-l t1l2, h x 10-2 min-1 x 10-2 min-l x 10-2 min-l 
0.13 1.35 ± 0.50a 1.2 1.53 ± 0.27 1.34 ± 0.26 nmt 
0.19 1.20 ± 0.42 1.0 0.53 ± 0.05 0.58 ± 0.05 1.14 ± 0.40 
0.22 1.09 ± 0.35 1.1 0.66 ± 0.03 nm nm 
0.28 0.86 ± 0.40 1.3 0.45 ± 0.08 0.40 ± 0.07 nm 
0.33 0.58 ± 0.15 2.0 0.38 ± 0.08 0.23 ± 0.08 0.70 ± 0.26 
0.40 0.38 ± 0.10 3.0 0.19 ± 0.06 0.17±0.06 0.45 ± 0.15 
0.45 0.29 ± 0.10 3.9 0.15 ± 0.04 0.19 ± 0.04 0.20 ± 0.08 
0.50 0.28 ± 0.10 4.1 nm nm run 
*kl = rate constant for the thermal decomposition of PAtJ;*k2 = rate constant for the formation of O2; 
***k3 = rate constant for the formation of HONO; ****k4= rate constant for the formation of HCHO 
t nm = not measured; aError margin represent two standard deviation of slopes of the kinetic plots. 
Figure 3.9 is a typical plot of the formation of nitrogen dioxide vs PAN 
decomposition time, as monitored photoelectrically. The apparent first-order rate 
constant evaluated from the slope of the least square fit was 5.51 x 10-3 min-l with a 
correlation coefficient (r) = 0.985. This is consistent with those obtained from the 
microdensitometric tracing. 
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Figure 3.9. Fonnation of nitrogen dioxide during thennal decomposition 
of 0.22 torr PAN in the 6 m cell. 
3.5 UV ABSORPTION CROSS-SECTIONS 
Attempts to re-measure the UV absorption cross-sections of PAN at long paths 
using the multi-pass optics proved very difficult, as a result of its rapid decomposition 
in the large cell. Absorptions due to nitrous acid and nitrogen dioxide were clearly 
evident even when the spectra were acquired just a few minutes after the introduction of 
PAN into the cell. The measured absorbances were therefore corrected for the presence 
of these compounds. During the spectral acquisitions in the large cell, it was estimated 
that about 25% of PAN decomposed. The concentrations of nitrous acid and nitrogen 
dioxide produced during this time were -19.3 and -8.1 x 1012 molecules cm·3, 
respectively. The expected contributions of nitrous acid and nitrogen dioxide to the 
measured absorbances at each wavelength of interest were evaluated (from their 
absorption cross-sections) and subtracted to obtain the effective absorbance of PAN at 
that wavelength. 
Spectra were acquired at a pathlength of 144 m. Below 270 nm, the emergent 
beam after 24 traversals of the cell length by the incident light did not give measurable 
intensity. This was due to the relatively weak intensity of the light source as well as 
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strong absorptions by the sample in this region. For completeness, the spectra between 
200 and 265 nm were therefore acquired in 10 cm cells using higher pressures 
(0 - 12 torr) of PAN and the Cary 219 Spectrophotometer. The absorbances at each 
wavelength were converted to absorption cross-sections through the relationship: 
2.303A 
a (A) = nl (3.3) 
where 
a(1..) is the absorption cross section at wavelength A., in units of cm2 molecule-l; 
A is absorbance evaluated from loglO(lo(AjI(A»); 
10 and I are the intensities of the incident and transmitted radiation, respectively at A.; 
n is the PAN concentration in the cell in units of molecules cm-3; and 
1 is the optical patblength in cm. 
The UV absorption cross-sections obtained for PAN are presented in Table 3.7 
together with those of Senum et al. 28 and Baulch et al. 120 These are the only published 
data so far on the absorption cross-sections of the compound. These measurements 
were however made in 10 cm pathlength cells. The overall uncertainties in the data 
were estimated to range from about 5% at 200 nm to about 30% at 340 nm and were 
due mainly to the corrections that had to be made for nitrogen dioxide and nitrous acid 
absorptions. Also, no corrections were made for the loss of PAN as a result of thermal 
decomposition during the measurement periods. Additional systematic errors 
e.g., from pressure, temperature and patblength measurements, which would affect the 
accuracy of the absorption cross-sections, are expected to increase the error margins. 
A discontinuity in the trend of the absorption cross-sections was observed when the 
data acquired with the 10 cm cells were merged with those derived from the large cell 
measurements at wavelength ~ 270 nm. Measurements using the large cell with multi-
pass optics were considered more accurate as the sensitivity of detection of absorbance 
was greatly enhanced by the long paths employed. 
Table 3.7 
Absorption cross-sections of PAN at 295 K at 5 nm intervals 
cr x 10.20 cm2 molecule· 1 (base e) 
A, nm this work* Senum et aL 28 Baulch et aL 120 
200 232 317 ± 23 
205 190 237 ± 22 
210 147 165 ± 14 
215 90 115 ± 9 
220 69 77±6 100 
225 41 55±4 70 
230 32 39.9 ± 3.1 50 
235 23 29.0 ± 2.1 37 
240 16 20.9 ± l.6 27 
245 11 15.0 ± l.2 20 
250 8.0 10.9 ± 0.9 15 
255 5.6 7.9 ± 0.6 11 
260 4.0 5.7 ± 0.4 8 
265 2.8 4.04 ± .30 6 
270 0.24 2.79 ± 0.17 4 
275 0.22 l.82 ± 0.12 
280 0.22 l.14 ± 0.08 
285 0.20 0.716 ± .023 
290 0.19 0.414 ± 0.025 
295 0.17 0.221 ± 0.016 
300 0.16 0.105 ± 0.023 
305 0.14 
310 0.14 
315 0.14 
320 0.13 
325 0.12 
330 0.11 
335 0.11 
340 0.10 
* a 's for this work at wavelengths ~ 270 nm were determined in the long cell with patblengths of 
144 m while those < 270 nm were measured in 10 em cells (see text). 
The overall error in the data is estimated to range from -5% at 200 nm to about 40% at 340 nm 
(see text for possible sources). 
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3.6 DISCUSSION 
3.6.1 IR Spectrum of PAN 
The IR spectrum of PAN obtained in this work is very similar to those reported 
earlier.8o,82 PAN belongs to the C] symmetry group. It has twenty seven fundamental 
frequencies, all of which are expected to be IR and Raman active. Except for the four 
torsional vibrations , which are expected to absorb below 200 cm- I , all the 
fundamentals have been detected and most have been assigned.26,80,113 
The IR molar absorptivities obtained here are in good agreement with recent 
measurements by Tsalkani and Toupance.82 These results further conflrm that the 
absorptivity value quoted for the 1740 cm- I band by Stephens ,96 which is about 15% 
less than the present result was somewhat underestimated. The results also agree with 
those of Niki et al. 95 which were made for samples of PAN diluted in air. The total gas 
pressure, therefore, has no influence on the PAN absorptivities. Wrared absorptivities 
of PAN are required for calibration of field instruments used in the determination of 
P AN in the environment and also for the quantiflcation of prepared samples for 
laboratory measurements. Accurate absorptivity values are therefore crucial for the 
reliability of data obtained on the basis of these measurements. The IR absorptivities 
for the five most prominent bands of P AN can now be said to be well established. 
The fact that two of the principal IR absorption bands of PAN (-1 163 and 
-794 c m - I) and a number of other weaker ones occur within the 
' atmospheric window 't region ,121 ,122 would suggest that it could be a greenhouse 
gas. Calculations, however, have shown that the greenhouse effect from PAN is 
extremely small for common atmospheric abundances of the gas. 123 
3.6.2 Thermal Decomposition of PAN 
The combined results from the large and 10 cm cell experiments show that 
P AN thermal decomposition gives rise to carbon dioxide, methyl nitrate, nitrogen 
dioxide, nitrous acid and formaldehyde, plus other products that probably could not 
have been detected using the present experimental design. Both methyl nitrate and 
carbon dioxide have been identified as products during thermal self-decomposition of 
pure PAN.8,26,27,74 Nitrogen dioxide, nitrous acid and formaldehyde have only been 
tThe ' atmo pheric window' is so called as it is part of the electromagnetic pectrum, between about 
1250 and 750 cm-I , through which approximately 25% of the thermal radiation from the surface of the 
earth is IOSl.121, 122 Absorption by trace gases in this region therefore reduce heat loss and contributes 
to warming of the lower atmosphere. 
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detected as products when PAN was allowed to decay in the presence of added nitric 
oxide. 27 This is, therefore, the first time nitrogen dioxide, nitrous acid and 
formaldehyde have been detected in the thermal self-decomposition of PAN. Carbon 
dioxide has always been found to be the dominant product, followed by methyl nitrate. 
The various kinetic runs, however, did not give identical product ratios. In particular, 
carbon dioxide yields from the thermal decomposition were found to be very erratic. 
The ratio of the amount of PAN that decomposed to methyl nitrate formed ranged 
between 3 and 5, while that of PAN to carbon dioxide was between 0.2 and 0.6. Thus, 
it is very difficult to state the exact stoichiometry of the thermal decomposition of PAN. 
Erratic product distributions were also observed by both Stephens8 and 
Kacmarek et. aL.74 in their studies of the thermal decomposition of diluted samples of 
PAN and pure PAN respectively. Bruckmann and Willner26 observed pressure 
dependent product distribution ratios during their thermal decomposition studies. They 
suggested the following stoichiometry for the decomposition: 
lOPAN -lOC02 + 6CH3N03 + 3CH3N02 + O2 + 
(30 torr) 0.3CO + ? 
lOPAN-lOC02 + 7.5CH3N03 + 2CH3N02 + 0.502 + 
(1.5 torr) 0.2CO + ? 
Scheme 3.2. Stoichiometry of the thermal decomposition of PAN. 
(Bruckmann and Willne,26) 
(3.2.1) 
(3.2.2) 
The products obtained during the thermal decomposition justify certain 
postulates about the mode of decomposition. The detection of nitrogen dioxide in the 
large cell experiments during the early stages of decomposition is consistent with 
reaction (3.3.1, Scheme 3.3), being the first step in the thermal decomposition of PAN. 
It is also in agreement with PAN existing in equilibrium with the acetylperoxy radical 
and nitrogen dioxide. From Figure 3.9, it can be seen that nitrogen dioxide increased 
throughout the monitoring period, indicating that the equilibrium reaction (3.3.1) is 
favourable to the right even in the absence of nitric oxide (see Scheme 3.6). The other 
observed products can be accounted for through subsequent degradation of the 
acetylperoxy radical and the reactions of nitrogen dioxide. 
CH3C(0)00N02 > CH3C(0)Oo- + I 'N02 1 (3.3.1) , (M) 
2CH3C(0)Oo- • 2CH COO' + '0 ' 3 2 (3.3.2) 
CH3COo- .. CH3' + ~ (3.3.3) 
CH3' + CH3C(0)00' • CH30 ' + CH3COo- (3.3.4) 
CH30 ' + 'N02 
(M) 
I CH3ON02 1 • (3.3.5) 
CH30 ' + 'N02 
(M) 
.. I HCHO + I HONOI (3.3.6) 
CH3' + 'N02 
(M) 
• CH3N02 (3.3.7) 
Scheme 3.3. Postulated mechanism for the self-thermal decomposition of PAN. 
(Products identified in this work are boxed). 
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Nitrogen dioxide, nitrous acid and formaldehyde could not be detected by IR 
spectroscopy during the decomposition of PAN in the 10 cm cells. According to 
Scheme 3.3, nitrogen dioxide, produced in the initial decomposition step, is trapped by 
both methyl and methoxy radicals formed during subsequent decomposition of 
acetylperoxy radical and is also involved in the limited back reaction (reverse of 3.3.1). 
Formaldehyde has two IR absorption bands at 1744 and 1165 cm-l .124 Both 
bands are almost coincident with two of the principal bands of PAN. Attempts were 
made to check the presence of underlying absorbance on the 1164 cm-1 band of PAN. 
Absorbances of this band were compared to one of the isolated bands of PAN 
(1840 cm -1) during the IR kinetic runs. The ratios were constant, indicating an 
insignificant contribution of formaldehyde absorption in the 1165 cm-1 band of PAN. 
Similarly, no new bands in the IR runs appeared close to the known principal band of 
nitrous acid (-1700 cm -1). It is concluded that the concentrations of these species at 
anytime during the decomposition were either too low to be detected by IR in 10 cm 
pathlength cells or they did not survive long enough to enable detection within the 
time-frame of the IR measurements. This was further supported by the concentrations 
of the species (-x 10-8 M) determined by UV in the large cell experiments, where the 
analytical sensitivity was very much enhanced. The traces of nitro methane observed 
were most likely derived from the reaction of the methyl radical with nitrogen 
dioxide (3.3.7). 
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The ultimate fates of nitrogen dioxide and nitrous acid could complicate the 
postulated mechanism. Though efforts were made to limit the exposure of the samples 
to the incident radiation, both species are photochemically active in the UV region used 
for the absorbance measurements (Scheme 3.4). Nitrous acid is also known to exist in 
equilibrium (3.4.3), though the bimolecular combination would not be favoured by the 
very low amounts of the gas formed during PAN decomposition. These reactions could 
also partly account for the differences between the observed and expected product 
distribution ratios, based on the suggested mechanism. 
hv (A. ~ 398 nm) 
-N02 ---~---.....:....--.. - -O ep) + -NO 
hv (A. ~ 585 nm) 
HONO ----.,;.----.....:....---... -OH + -NO 
Scheme 3.4. Photolysis of nitrogen dioxide and nitrous acid; and 
equilibrium reaction of nitrous acid. 
(3.4.1) 
(3.4.2) 
(3.4.3) 
A contrasting mechanism for the thermal self decomposition of PAN was first 
suggested by Stephens and his colleagues.7,8 They observed the loss of PAN diluted in 
nitrogen was matched by the appearance of methyl nitrate and carbon dioxide in 
approximately equimolar amounts. They proposed that the identified products were 
derived from unimolecular decomposition through an intermediate cyclic transition state 
as shown below: 
+ 
(3.5.1 ) 
cyclic transition state 
Scheme 3.5. Unimolecular decomposition of PAN through a cyclic 
transition state. 
61 
Though this mechanism looks plausible, it does not account for some of the 
decomposition products such as nitrogen dioxide, formaldehyde and nitrous acid. The 
thermal stability studies of PAN by Senum et al. 27 gave further support to the concerted 
decomposition mechanism. They identified methyl nitrate and carbon dioxide as the 
main products of the thermal self decomposition but ruled out the involvement of 
radicals as intermediates yielding these species. It was argued that a reaction between 
methoxy radicals and nitrogen dioxide leading to the production of methyl nitrate 
(3.3.5) would also be expected to lead to the formation of minor amounts of 
formaldehyde and nitrous acid (3.3.6) .125 The experiments were conducted in 10 cm IR 
cells using PAN pressures between 2 to 12 torr. As observed in the present studies, 
concentrations of formaldehyde and nitrous acid produced by PAN decomposition, fell 
below the IR detection limits in 10 cm pathlength cells but could be detected with the 
more sensitive spectrographic detector with the multi-pass optics. That they were not 
detected by IR measurements in 10 cm cells, therefore, does not provide sufficient 
evidence for ruling out a radical decomposition mechanism. 
The present results are in agreement with those of Bruckmann and Willner26 
who investigated the thermal decomposition of PAN in 10 cm IR gas cells and in sealed 
glass tubes. Based on the product distribution studies and flash vacuum pyrolysis 
experiments, during which the acetylperoxy radical was trapped in an argon matrix, it 
was concluded that the first step during the thermal decomposition of PAN is indeed the 
dissociation to the acetylperoxy radical and nitrogen dioxide (3.3.1). 
The derived pseudo first-order rate constants (see Table 3.3) show that the 
decomposition of pure PAN is highly pressure dependent At a pressure of 1 torr, PAN 
exhibited a half-life of 200 h, a significant decrease from the half-life of 624 h at 8 torr 
pressure. In the large cell where the pressures were considerably lower (~ 0.5 torr) , 
half-lives of PAN were generally found to be less than 5 h. The pressure dependence 
of the rate constants and the curvature of the semi-logarithmic plots (dln[PAN]/dt) 
support earlier suggestions that the unimolecular decomposition of PAN did not follow 
a simple first or second-order kinetics.26 The decomposition seems to start somewhere 
higher than first-order before changing after several hours to first-order 
(see Figure 3.6). This observed kinetic behaviour can be explained in terms of the 
postulated decomposition mechanism. At the onset of the decomposition, the rate 
determining step appears to be the bimolecular recombination reaction (3.3.2) and the 
decomposition proceeds essentially by second-order kinetics. As more PAN 
decomposes, the rates at which the radicals react increase as more third bodies (M) 
become available to absorb the excess energies and stabilize the vibrationally 'hot' 
molecules formed immediately after the radical combinations. The total pressure of the 
system would as well increase. Under these conditions, the unimolecular 
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reaction (3.3.1) would be expected to be the limiting step in the reaction sequence and 
the decomposition of PAN would gradually change to approximately first-order 
kinetics. The observed initial pressure kinetic dependence behaviour can also be 
rationalized along the same lines. At relatively high initial pressures, PAN 
decomposition occurs mainly by first-order kinetics. This leads to relatively lower 
pseudo first-order rate constants and corresponding longer thermal lifetimes. When the 
initial pressures are lowered, decomposition proceeds almost entirely by second-order 
kinetics leading to relatively high pseudo first-order rate constants and lower lifetimes 
Two previous investigations have been carried out on the thermal 
decomposition of pure PAN at pressures comparable to those used for the 10 cm 
experiments in this work.26.27 Results of both studies are included with the present 
results in Table 3.3. While both data support the pressure dependent decay of pure 
PAN, different trends were observed for the influence of pressure. The observed 
pressure dependent lifetimes for the unimolecular decomposition of pure PAN, in this 
work, qualitatively follows the same trend as reported by Senum et al. 27 This is in 
contrast to the trend observed by Bruckmann and Willner.26 Pate et aL.93 monitored the 
decomposition of dilute samples of pure PAN in purified air. The lifetimes of PAN 
decreased with decreasing partial pressures of PAN, also in agreement with this work. 
Bruckmann and Willner26 attributed the change in kinetics at lower partial pressures of 
PAN to the predominance of reaction (3.3.4). This was suggested to be first-order in 
CH3C(O)OO' since the methyl radical is generated continuously from reaction (3.3.3). 
No possible reason was however suggested for the observed pressure dependence rates 
of decomposition. Further work is, therefore, desired to reconcile these observed 
differences in pressure dependence behaviour of the thermal decomposition of PAN. At 
comparable pressures, the absolute lifetimes obtained here are about twice those of 
Senum et al., 27 indicating that PAN may be more thermally stable than previously 
assumed. 
The thermal self-decomposition of PAN is also known to be temperature 
dependent with the life-times decreasing as the temperature increases.s Atkinson and 
Lloyd 126 suggested the following first-order rate expression, following decomposition 
via reaction 3.3.1 (Scheme 3.3). 
k = 1.95 x 1016exp-13.543rr S-1 (3.4) 
Table 3.8 shows pseudo first-order rate constants (k) calculated from this 
expression, as well as the corresponding lifetimes ('t = 11k) for PAN. At 293 K, the 
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equation gives a rate constant of l.6 x 10-4 S- I , which is in good agreement with the 
rate constants (-1.8 x 10-4 s-l, Table 3.6) obtained at the lower pressure limits in this 
study. The rate constants based on the recommended equation are also fairly consistent 
with a recent measurement of 3.3 x 10-4 S- 1 at 297 K by Niki et al. 95 and earlier 
measurements of 1.7 x 10-4 S-1 at 293 K (Hendry and Kenley94) and 2.8 x 10-4 S- I at 
296 K (Pate et aI. 9 3 ) . Rate constants of 4.5 x 10-4 S- I (295 K) and 
5.0 X 10-4 S -1 (298 K) reported by Cox and Roffe y25 and Schurath and 
Wipprecht, 127 respectively, remain upper limits for the decomposition of PAN. These 
rates give rise to thennallifetimes of -35 min. 
Table 3.8 
Rate constants and lifetimes for the thennal decomposition of PAN at various 
temperaturesa 
Temperature k (s-l) 'tb 
(K) 
243 l.2 x 10-8 2.6 yr 
253 l.1 x 10-7 105 days 
263 8.4 x 10-7 14 days 
273 5.6 x 10-6 50 h 
283 3.2 x 10-5 8.6 h 
293 1.6 x 10-4 l.7 h 
303 7.6 x 10-4 22 min 
313 3.2 x 10-3 5 min 
aData from Finlayson-Pitts and Pitts46 based on equation (3.4). b 't = 11k. 
The calculated lifetimes for PAN shall only be realized if the acetylperoxy 
radical fonned in the initial decomposition of PAN is rapidly removed compared to its 
reaction with nitrogen dioxide to re-fonn PAN. As discussed later, such a requirement 
is fulfllled when PAN decomposes in the presence of nitric oxide, which acts as a trap 
for the acetylperoxy radical. 
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3.6.3 Ultraviolet Absorption Spectrum of PAN 
The UV absorption cross-sections of PAN up to 340 nm have been presented 
in Table 3.7 together with the only other reported measurements.27,120 This is the first time 
absolute absorption cross-section measurements of PAN have been extended beyond 
300 nm and the data derived here represent the best estimates so far in the critical actinic 
region (A> 290 nm). UV absorption cross-sections of PAN by Senum et al.28 were 
made up to 300 nm in 10 em cells and extrapolated to 330 nm for the evaluation of solar 
photolysis rate constants. They observed no significant absorption beyond 300 nm 
wavelength. In the wavelength region where an overlap exists between their results and 
those obtained here, absorption cross sections from the present work were generally 
lower, sometimes by as much as 30%. A constant difference could be explained, for 
instance, by a systematic error involved in the measurement. The variability of the 
observed differences makes it difficult to explain these discrepancies. PAN samples 
used for both measurements were subjected to several trap-to-trap vacuum distillations 
and were ~ 95% pure. Absorption due to impurities, except for the corrected 
decomposition products, can safely be ruled out. 
3.6.4 Photodissociation Lifetimes of PAN 
Solar photolysis rate constants for PAN were estimated based on the measured 
cross-sections, data of actinic fluxes and solar zenith angles. The atmospheric 
photodissociation rate constants were calculated from the relationship: 128 
(3.5) 
where 
JpAN(9) is the photodissociation rate constant for PAN at solar zenith angle (8); 
00.) is the absorption cross-section as a function of wavelength A; 
~9,A) is the spherically integrated actinic flux as a function of 8 and A; 
$(A) is the quantum efficiency for the photolysis of PAN as a function of A. 
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The spherically integrated actinic flux values were taken from 
Demerjian et al. 129 The data are for ' best estimate' surface albedost assuming 
cloudless conditions. Corrections were made for changes in the Earth-Sun distance 
with time of the year. Calculations were performed for noon time photolysis rates for 
January 1 and July 1, and also for sunrise and sunset for July 1, at latitude 40° N. The 
corresponding solar zenith angles are 63.0° on January 1, 16.9° on July 1 and 86.0° for 
sunrise and sunset on July 1.46 Photolysis rate constants were calculated for locations 
near sea level. No quantum yield data are yet available for PAN, hence upper limit 
photodissociation rate constants were evaluated by assuming a quantum efficiency of 
unity at all wavelengths. Results of the calculations are presented in Table 3.9, along 
with previous calculations of Senurn et al. 28 Also included are the rate constants for the 
destruction of PAN by reaction with the hydroxyl radical. 
Table 3.9 
Calculated photolysis rate constants for PAN at latitude 40° N (sea level), 
at noon on January 1 and July 1, and at sunrise and sunset on July 1 
Time of year/solar Photolysis rate constant Photolytic lifetime 'tOH PAN * 
zenith angle (9), deg J x 10-7 S-l PAN 't,days 
January 1(63.0) 24 4.8 2.34 yr 
July 1 (16.9) 53 2.2 86 days 
July 1 (83.0) 1.2 96 
o t 2.1 55 
20t 1.9 61 
40t 1.3 89 
60t 0.6 193 
t Data from Senum el al}8 based on measured absorption cross sections up 10 300 nm and eXlrapolated 
to 330 nm. The solar zenith angles were not corrected for time of the year and latitude. 
* 
*'tOH PAN refers to the almospheric lifetime of PAN with respect to reac tion with ·OH. The lifetimes 
were calculated at 295 K using ['OH] of 0.1 and 1.0 (x 106 molecules cm-3) for January 1 and July 1, 
respectively . These values were taken from Logan el al. 33 estimated for the North American 
atmospheres at these times of the year. The calculations were based on the Arrhenius expression, 
kOl/A = 1.23 X 10-12 exp-(651 ± 229)rr cm3 molecule-I s-I, derived by WallinglOn el al.29 for the 
reaction of P AN with ·OH. 
tThe term 'surface albedos ' is used to describe the fraction of light incident on a surface which is 
reflected. The amount of light reflected from the earth's surface to a volume of air depends on the type 
of surface, as well as the wavelength of light; thus snow is highly reflecting whereas black lava rock 
reflects very little of the incident radiation. Some values have been assigned to certain surfaces 
depending on their reflectivity.46 
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In comparing the results in Table 3.9, it should be noted that the calculations of 
Senum et al. 28 did not correct the solar zenith angles, listed by Demerjian et al. 129, for 
the time of the year. This is necessary, especially at large zenith angles where the 
a·ctinic flux at a given wavelength varies rapidly. The earlier calculation also lacks 
specification of the reference latitude. The present calculations have included the 
absolute cross-sections for PAN measured up to 340 nm in this work. The actinic flux 
reaching the earth's surface in this region is very intense and explains the large 
differences between results of the two calculations in Table 3.9. 
3.7 IMPLICATIONS FOR THE REMOVAL OF PAN IN THE 
ATMOSPHERE 
Under atmospheric conditions and in the presence of nitric oxide, the thermal 
decomposition of PAN is greatly enhanced. This has been explained by the reaction 
between nitric oxide and the acetylperoxy radical, which shifts the equilibrium in the 
initial decomposition step (see Scheme 3.3) to the right. The oxidation of nitric oxide 
by the acetylperoxy radical and subsequent radical reactions lead to the formation of 
carbon dioxide and methyl nitrate according to the mechanism (Scheme 3.6) earlier 
proposed by Cox and Roffey.25 
CH3C(0)OON02 c .. CH3C(0)00· + ·N02 (3.3.1) (M) 
CH3C(0)Oo- + 'NO .. CH3 ' + CO 2 + 'N02 (3.6.1) 
CH3' + '0 ' 
(M) 
.. CH30 2' (3. 6.2) 2 
CH30 2' + ' NO .. CH30' + 'N02 (3.6.3) 
CH30 ' + 'N02 
(M) 
.. CH3ON02 (3.3.5) 
Scheme 3.6. Mechanism for thermal decomposition of PAN in the presence 
of nitric oxide. 
The decomposition of PAN in the atmosphere would be dependent on the rate 
of removal of the acetylperoxy radical. Thus, following reactions (reverse 3.3.1) and 
(3.6.1), this will depend on the relative concentrations of nitric oxide and nitrogen 
dioxide. From equation (3.4), the rate constant for the decomposition of PAN to the 
acetylperoxy radical at 295 K is 2.3 X 10-4 S-I giving a lifetime ('t = 11k) of 74 min. 
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The actual lifetime of PAN, however, would be more than this since some of the 
acetylperoxy radical reacts with nitrogen dioxide to reform PAN. Cox and Roffey25 
derived a rate expression (3.6) for the destruction of PAN as a function of temperature 
and the ratio of nitric oxide to nitrogen dioxide concentrations: 
( 3.3.1) 
(3.6.1) 
with - f, bt [PAN] ~ k, I- (3.6) 
where 
kl = 1014.90±O.60e(_104000 ± 3200 JIRT) S·I (3.7) 
and 
kfk3 = 0.54 ± 0.17. (3.8) 
Based on this equation, the apparent lifetime of PAN approaches infinity as 
NO, goes to zero. Table 3.10 shows the lifetimes of PAN for four atmospheric 
regimes, i.e. rural and urban air during day and night times, calculated from the above 
equation. 
Table 3.10 
Lifetimes of PAN with respect to thermal decomposition for various 
atmospheric regimesa 
Urban 
Rural 
aData from Cox and Roffey. 25 
Day, 298 K 
2.7* (0.1) 
0.7 (0.32) 
Night, 298 K 
2.8 (1.0) 
00 (0) 
*Lifetime in bours as calculated from equation 3.6. Figures in parentheses sbow corresponding 
[NO]/[N02] ratios. 
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During nighttime in unpolluted rural air, when nitric oxide is completely 
removed by reaction with excess ozone ("NO + 0 3 .. ·N02 + 02), thermal 
decomposition does not provide a net sink for PAN. In urban areas during nighttime, 
particularly in stagnant air, the emission of nitric oxide from combustion sources may 
exceed the supply of ozone needed to oxidise all of the nitric oxide to nitrogen dioxide. 
Under these conditions, the ratio [NO/NOi! may exceed unity and the removal of PAN 
by thermal decomposition would be limited primarily by the air temperature. At 298 K 
a minimum lifetime of 2.5 h is predicted. 
In daylight, nitric oxide is always present in the atmosphere containing nitrogen 
dioxide as a result of photodissociation of nitrogen dioxide (3.4.1). The concentration 
of nitric oxide, nitrogen oxide and ozone, which co-exist, is given by: 
[N~~~3] = 16 ppm (at 298 K and solar zenith angle of 45°) (3.9) 
The daytime ratios given in Table 3.10 were calculated for urban and rural situations 
assuming ozone concentrations of 160 and 50 ppb, respectively. The corresponding 
half-lives at 298 K for PAN show that thermal decomposition provides a significant 
sink during daylight hours in both rural and urban situations at this temperature. At 
288 K, PAN removal rate is a factor of four slower than at 298 K. 
The thermal decomposition results obtained in this work are, therefore, relevant 
to decay of pure PAN in the laboratory and serve as a guide during preparation and 
handling of dilute mixtures of PAN for research and for calibration of field instruments 
used for its atmospheric determination. They can not be directly transferred to the real 
atmosphere where the presence and concentrations of oxygen and nitric oxide among 
other species perturb the radical reactions involved. 
As seen in Table 3.9, the photodissociation lifetimes calculated on the basis of 
the presently measured cross-sections are appreciably shorter than the previous 
calculations. They are, however, longer than the corresponding thermal lifetimes listed 
in Tables 3.6 and 3.8. Similarly, the reaction of PAN with hydroxyl radicals (another 
potential pathway for its removal from the atmosphere) yielded a lifetime of 86 days at 
295 K, for a typical summer atmospheric hydroxyl concentration of 
1.0 x 106 molecules cm-3. 
These rate constants show that PAN decomposition through photolysis and/or 
reaction with the hydroxyl radical are insignificant compared to the thermal decay rate, 
which is confirmed to be the predominant pathway for its removal in the lower 
atmosphere. 
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3.8 EXPLOSIVE INCIDENTS WITH PAN 
Further work on PAN was geared towards investigating its thermal 
decomposition in the presence of nitric oxide and oxygen. This aspect of the work had 
just commenced when the explosive risks inherent in handling and manipulation of 
PAN became evident. Under certain conditions, PAN is explosively unstable. 
Although all efforts were made to avoid these conditions and curtail the potential 
explosive hazards, three explosions occurred during the course of this work. Details of 
these explosions together with those reported by other laboratories who have worked on 
the subject are documented in Appendix 3.1-3.4. Further investigation of the thermal 
stability of PAN was discontinued, because the conditions initiating these explosions 
could not be readily understood and were becoming unpredictable. 
3.9 CONCLUSIONS 
This work has shown that pure samples of PAN undergo thermal 
decomposition at room temperature to produce carbon dioxide, methyl nitrate, nitrogen 
dioxide, formaldehyde and nitrous acid. These products were argued to be formed 
through a decomposition mechanism involving the initial cleavage of PAN to 
acetylperoxy radical and nitrogen dioxide. An alternative mechanism, a unimolecular 
concerted decomposition through a cyclic transition state, though not completely ruled 
out as a minor pathway, does not receive substantial suppon from the present studies. 
PAN decomposition at room temperature was found to be pressure dependent and 
at pressures < 0.5 torr, lifetimes (-60 min) approaching those found under atmospheric 
conditions were observed. The photodissociation lifetimes based on measured 
absorption cross-sections were found to be shoner than previous ones but longer than 
the thermal lifetimes. Thermal decomposition is, therefore, confirmed to be the limiting 
factor for the levels of PAN in the troposphere. The study also reconciles the 
controversy that surrounds the IR molar absorptivity of the 1740 cm-1 band of PAN. 
CHAPTER 4 
THE NEAR ULTRA VIOLET ABSORPTION CROSS-SECTIONS OF 
ACETALDEHYDE AND SOME SIMPLE ALIPHATIC KETONES 
SUMMARY 
Absorption cross-sections for acetaldehyde, acetone, 2-butanone, 
2-pentanone and 3-pentanone were measured in the wavelength region 
330 - 440 nm, at 295 ± 2K and with a spectral resolution of 0.01 nm 
Spectra were recorded with a pathlength of 14400 cm and at high 
pressures (20 - 70 torr) of the absorbing gas. These conditions 
enhanced the extremely weak absorptions in this wavelength region. The 
determined absorption cross-sections were generally lower than previous 
measurements in the wavelength region (330 - -360 nm). The 
discrepancies have been attributed to large errors involved in previous 
measurement of the weak absorbances in this wavelength range. This is 
especially prominent with the 10 cm cells that are easily adapted to 
conventional UVlVis spectrophotometers. Present measurements using 
long paths were expected to improve the accuracy of the measurements 
and should be more reliable. These measurements have also extended 
the long wavelength limit of detectable absorption of these compounds, 
which hitherto had remained at -360 nm, to 440 nm 
The absorption cross-sections reported here have strong 
implications with regards to the photodissociation rates of the 
compounds in the troposphere. Photodissociation rate constants 
derivable from absorption cross-sections, extending to the presently 
measured long wavelength limit of 440 nm, should be greater than 
previously reported values. Based on earlier absorption cross-section 
measurements, the reaction with hydroxyl radical appeared to be the main 
mechanism for the removal of acetaldehyde in the troposphere, while the 
rates of photolysis and reaction with hydroxyl radical are comparable for 
the other simple aliphatic carbonyls. The relative importance of the two 
major competing atmospheric removal pathways for the carbonyls, 
photolysis and chemical reaction with hydroxyl radical, would need to be 
re-examined in the light of the present absorption cross-sections. 
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4.1 INTRODUCTION 
Aliphatic aldehydes and ketones are important trace constituents in the 
troposphere. Most of these compounds and their photooxidation products are injurious 
to human health and have been categorized as ' hazardous air pollutants' by the United 
States Environmental Protection Agency (US EPA).5 Of special concern is the potential 
build up of the concentrations of these species in the ambient atmosphere to which the 
population is exposed. Large levels of acetone (-0.5 ppb) have now been observed 
even in the relatively clean air of the Atlantic.31 Ambient air concentrations of 
acetaldehyde and 2-butanone average -13 and -4 ppb respectively,3 while considerably 
larger amounts have been detennined in polluted atmospheres. 13o Accurate budgets of 
the sources and sinks of these compounds are therefore important for assessment of 
their impact on human health and for a clearer understanding of the chemistry of the 
polluted troposphere. 
The simple aliphatic carbonyl compounds are fonned in the atmosphere by the 
reaction of certain hydrocarbons with hydroxyl radical.5,3 1 The hydrocarbons are 
derived from various biogenic and anthropogenic processes.33,34 Additional sources of 
the carbonyls in the atmosphere include direct emissions mainly from the use of fossil 
fuels in internal combustion engines.3 Photolysis through absorption of solar radiation 
in the near-UV region, in addition to reactions with the hydroxyl radical and thennal 
decomposition, are the main gas-phase processes responsible for the destruction of 
these compounds in the atmosphere.3,46,87,131 Photodissociation of these compounds 
represents a major source of organic radicals in the lower atmosphere. 131 These 
radicals playa central role in major atmospheric chemical processes including the 
fonnation of ozone, peroxyacetyl nitrate (PAN), and odd hydrogen and nitrogen species 
(HOy, NOy).1O,46 These species themselves are of critical importance in the complex 
chemistry of the troposphere.1 The rates of photodissociation of the compounds, and 
hence their capacity to yield radicals in the troposphere, are directly proportional to their 
UV absorption cross-sections, especially in the actinic UV region. It is therefore not 
surprising that one of the most important inputs in the modelling of the chemistry of the 
lower atmosphere is the absorption cross-sections of the carbonyl compounds. Thus, 
accurate infonnation concerning their values is of crucial interest to atmospheric 
chemists. 
The UV spectra of the aliphatic carbonyls have been the subject of many 
studies.40,45,132 The spectra are all quite similar in appearance, exhibiting a strong 
rr*f-rr transition at A ~ 180 nm and a weak (electric-dipole forbidden) rr*f-n (singlet-
singlet) transition in the 230 - 360 nm range. The vapour phase spectrum of the 
simplest member of the aldehyde family, formaldehyde, exhibits considerable 
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vibrational and rotational structure. In the spectrum of the larger aldehydes, the 
sharpness of structured features is greatly reduced, while the absorption spectra of the 
aliphatic ketones are continuous, exhibiting no significant structure.40.45 
While so many measurements of the cross-sections of the carbonyl compounds 
have been reported,35.40.133.134 major discrepancies exist between them. Two recent 
measurements87.135 appear to have resolved discrepancies in previously reported cross-
sections of formaldehyde. For larger aliphatic aldehydes and ketones, the main source 
of information on the absorption cross-sections has been the data reported by Calvert 
and Pitts.4o A recent measurement of the absorption cross-sections of most of the 
simple aliphatic carbonyls in the 202 - 360 nm region has been reported.45 The data 
although seemingly deflnitive in the short wavelength region, differ greatly from those 
of Calvert and Pitts40 at the long wavelength tail. 
Another drawback in the reported cross-sections is the accuracy of the data in 
the critical sunlight region (A. > 295 nm). This is the region of the electromagnetic 
spectrum that impacts into the lower atmosphere. Ozone in the stratosphere strongly 
attenuates the solar radiation with wavelengths less than 320 nm reaching the earth's 
surface.24.136 The absorbances of the carbonyls in the region of A. > 300 nm are 
generally very weak, hence, accurate determination of the cross-sections with short path 
cells adaptable to conventional spectrophotometers present a considerable challenge. 
The large intensity of the actinic irradiance and the numerous photochemical processes 
involving the simple carbonyls, however, emphasises the need for satisfactory data on 
their absorption cross-sections in this region of the solar spectrum. 
In the present work, the long wavelength tails of the near-UV 7r*f-n (singlet-
singlet) absorption cross-sections of acetaldehyde and several of the simple aliphatic 
ketones have been examined using the long cell with White-type multi-pass optics. This 
has been described in detail in Chapter 2. The long cell and long paths derived from the 
multi-pass optics enhanced the weak absorptions in this region making it possible to 
evaluate absorption cross-sections with less magnitudes of error. Furthermore, the 
carbonyls are characterized by a very weak absorption band (e = 10-3 L mole- l cm-l = 
4 x 10-24 cm2 molecule-I) near 400 nm, which has been attributed to a doubly 
forbidden 7r* f- n singlet-triplet transition. 37,40 The sensitivities of the present 
measurements were also capable of detecting such extremely weak transitions. 
The accurate determination of the cross-sections in this weak region, together 
with the well established cross-sections at lower wavelengths,45 provide the necessary 
tools for the computation of more precise atmospheric photodissociation lifetimes of the 
compounds, for representative sets of atmospheric conditions. 
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4.2 EXPERIMENTAL DETAILS 
Absorption measurements were recorded using the long cell with multi-pass 
optics interfaced to a one metre Czerny-Turner scanning UV /Vis spectrometer 
(Spex 1704). As this is a single beam instrument, absorbances were calculated from 
the ratio of a background trace when the cell is empty to that of transmitted light, 
obtained under identical conditions, when the sample is introduced. Spectra were 
routinely acquired at patblengths of 14400 cm and absorbing gas pressures between 20 
and 70 torr. All absorption measurements were made at room temperature (-295 K). 
Full details of the experimental procedure have also been reported in Chapter 2. Some 
of the spectra exhibited moderately sharp structured features. The individual data sets 
were therefore smoothed before absorption cross-sections were calculated. 
Cross-sections were calculated from the slope of plot of absorbance vs 
concentration of absorbing gas, using the relationship: 
where 
0= 
2.303M 
lLlli (4.1) 
o is the absorption cross-section (in units of cm2 molecule-l , base e) ; * 
I is the pathlength of the cell in cm; 
A is the experimental absorbance (defmed by the relationship A = log 10 (IiI); 
where 10 and I are the measured light intensity without and with sample in the 
cell respectively); 
N is the concentration of absorbing molecules (in units of molecule cm-3); and 
MltlN refers to the slope of the plot of A vs N of the carbonyl (Beer's plot). 
4.3 RESULTS 
All the carbonyls have measurable absorbances up to 440 nm under the 
experimental conditions (long paths and high absorbing gas pressures) employed here. 
The absorption spectra of the carbonyls in the wavelength region 330 - 440 nm are 
shown in Figures 4.1 - 4.3. The Figures are derived from a weighted average of 6 to 
10 individual absorption spectra acquired for each compound at different gas pressures. 
The evaluated absorption cross-sections [in units of x 10-24 cm2 molecule-l , base e] for 
each compound are presented in Table 4.l. The cross-sections are averaged over 5 nm 
* Absorption cross-sections (0") employed in Lhe (waiaution of photolysis rate constants (kp) must be in 
base e. This is because of Lhe use of weak absorption approximation , applicable under atmospheric 
conditions, for Lhe derivation of Lhe equation used in calculating Lhe photolysis rate constants.46 
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intervals in the 440 - 350 run region and over 1 nm intervals in the region 350 - 330 nm, 
centred at the wavelength given in the table. 
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Figure 4.1. Absorption cross-sections of acetaldehyde as a function of wavelength in 
the region 330 - 440 nm. 
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Figure 4.2. Absorption cross-sections of (1) acetone and (2) 2-butanone, as a 
function of wavelength in the region 330 - 440 nm. 
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Figure 4.3. Absorption cross-sections of (1) 2-pentanone and (2) 3-pentanone as 
a function of wavelength in the region 330 - 440 run. 
Table 4.1 
Absorption cross-section for acetaldehyde (ACET), acetone (ACE), 
2-butanone (2-BUT), 2-pentanone (2-PEN) and 3-pentanone (3-PEN) 
Wavelength Cross-section cr (x 10-24 cm2 molecule-I, base e)* 
(run) ACET ACE 2-BUT 2-PEN 3-PEN 
440 3 2 23 59 59 
435 3 3 24 60 60 
430 5 4 27 58 66 
425 3 4 27 55 71 
420 3 3 27 64 75 
415 4 2 28 59 82 
410 4 4 31 62 87 
405 4 4 33 61 94 
400 4 4 33 65 103 
395 3 3 34 66 111 
390 4 3 36 70 113 
385 3 3 37 74 119 
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Table 4.1 Continued 
Wavelength Cross-section cr (x 1()24 cm2 molecule-i , base e)* 
(run) ACET ACE 2-BUT 2-PEN 3-PEN 
380 4 3 37 69 119 
375 5 3 38 73 119 
370 8 5 38 72 122 
365 8 6 36 76 121 
360 15 7 38 68 118 
355 26 7 38 64 111 
350 30 7 33 64 107 
349 33 7 33 65 106 
348 38 7 32 63 104 
347 43 8 32 61 103 
346 46 10 32 61 101 
345 50 11 32 61 100 
344 54 13 33 60 100 
343 56 15 34 60 101 
342 61 18 36 61 103 
341 64 20 39 64 104 
340 67 23 40 68 107 
339 72 25 41 77 113 
338 77 29 42 87 119 
337 81 33 44 97 127 
336 83 40 48 108 138 
335 88 47 56 122 150 
334 90 57 64 141 164 
333 94 68 73 166 186 
332 97 76 85 200 187 
331 101 84 94 234 198 
330 104 85 106 238 256 
*Estimated uncertainties are about 10% for wavelengths less than 350 om, increasing to -40% near the 
440 nm limit. The uncertainties are derived from statistical errors in the measured absorbances. 
Additional systematic errors (-2%) are expected from the uncertainties in pathlength (0.5%), pressure 
(0.1 - 1 %) and temperature (0.5%) measurements. The absolute errors decreased as the molecular weight 
of the carbonyl increased due to higber cross-sections of the larger compounds. 
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The main limitation of accuracy in the absorption measurements was the drift of 
the baseline resulting from slight changes in optical alignment as the samples were being 
in.troduced into the cell. Baseline instability is a common problem in single-beam, 
single monochromator and multiple-path UV spectrometric assemblies. 137,138 The 
overall error in the data in Table 4.1 is rationalized according to the following possible 
sources; (a) absorbance measurements (IJI) contribute large proportions of the error 
due to the baseline drifts. The uncertainties depended on wavelength and the magnitude 
of the absorption cross-section for the compound. The errors varied randomly and 
were manipulated statistically. The standard deviations on the average values of the 
individual cross-sections reported in Table 4.1 were approximately 10% for 
wavelengths less than 350 nm , increasing to 40% near the 440 nm limit; 
(b) inaccuracies in the pressure measurements depended on the pressure range hence on 
the type of pressure gauge used. For pressures less than or equal to 40 torr, the digital 
capacitance manometer was employed and the estimated errors in the pressure readings 
were about 0.1 %. Errors in reading pressures greater than 40 torr were about 1 % and 
were limited to the accuracy in reading the analog out-put from a speedivac pressure 
gauge; (c) the maximum estimated error in the detennination of the path length of the 
multi-pass 6 m cell was -0.5% and this decreased as more paths were traversed; and 
(d) the wavelength scale of the spectrometer; this was calibrated based on known 
emission lines of an iron hollow-cathode lamp and a medium pressure mercury lamp 
and was accurate to about ± 0.1 nm. All wavelengths are reported in air. Considering 
all these factors, the overall error in the absorption cross-sections listed in Table 4.1 are 
therefore estimated to within ± 15% below 350 nm, increasing to -50% towards the 
long wavelength limit of 440 nm. 
Below 300 nm, poor transmission of light due to high absorbances at these 
pressures limited the accuracy of absorption measurements. Measurements using low 
absorbing gas pressures, which would have been required for optimum absorbance in 
this region, would have introduced similar significant levels of uncertainty in the 
concentration measurements. Consequently, no reliable absorbance measurements are 
reported for these compounds below 330 nm using the assembled instrument. The 
evaluation of cross-sections has also been limited to the use of sample pressures in the 
range whose absorbances confonn to Beer-Lambert's law (20 - 70 torr). No significant 
absorptions were recorded at pressures below 20 torr in this wavelength region. At 
pressures above 70 torr, deviations from Beer's law were noted mostly due to 
condensation of the samples on the mirror and cell surfaces. Since the FTIR spectra of 
the compounds did not show any changes after the UV scans (Figures 4.4 - 4.9), it was 
concluded that photolysis of the carbonyls by the incident light was not significant 
within the period of measurement of the spectra. 
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4.4 DISCUSSION 
4.4.1 Ultraviolet Absorption Cross-Sections 
The absorption cross-sections of acetaldehyde in this region (330 - 440 run) are 
greater than the corresponding ones for acetone. This is consistent with the absorption 
spectra of the two compounds at lower wavelengths.40,45 A trend of increasing 
absorption cross-sections was observed with increasing molecular weight for the 
ketones. The absorption envelopes observed for the larger ketones (2-pentanone and 
3-pentanone) between -360 and 410 nm were deemed to result from the doubly 
forbidden singlet-triplet, n*f-n, transition. The strength of these bands are so weak 
that they are not usually observed in UV spectra recorded at room temperature, in 10 em 
patblength cells. The cross-sections for diethyl ketone (3-pentanone) are greater than 
the corresponding ones for the isomeric compound, methyl n-propyl ketone 
(2-pentanone). This could be due to a combination of electronic and structural 
differences between the compounds. 
There are several reported determinations of the vapour and liquid phase 
absorption cross-sections of the simple aliphatic aldehydes and 
ketones. 35 ,36,40,45,46,139 These determinations however limit the detection of 
absorption at the long wavelength to about 360 run. This work has extended the long ' 
wavelength limit of detectable absorption for these compounds to 440 nm for the first 
time. The current measurement overlaps a few previously reported cross-sections in the 
wavelength region between 330 to -360 run. Martinez et al.45 reported absorption 
cross-sections for several of the simple aliphatic ketones and aldehydes in the 
202 - 365 run region. For acetaldehyde, the long wavelength limit of absorption was 
362 run. Their determined absorption cross-sections ranged from 3.0 x 10-23 at 
360 nm to 6.88 x 10-21 cm2 molecule-1 at 330 nm. For the ketones, the long 
wavelength absorption limits were between 350 and 340 run and absorption cross-
sections of 6.7, 6.7, 10.3 and 6.8 x 10-22 cm2 molecule-1 were determined at 330 nm 
for acetone, 2-butanone, 2-pentanone and 3-pentanone respectively. Meyrahn et al.35 
also determined absorption cross-sections for acetone at 10 nm intervals between 360 
and 250 nm. They reported absorption cross-sections of 2.0 and 
80.0 x 10-23 cm2 molecule-1 at 360 and 330 run respectively. The cross-sections at 
wavelengths greater than 360 nm were deemed to be smaller than 
2.0 x 10-23 cm2 molecule-1 and below their instrument's detection limit. These 
reported absorption cross-sections are about an order of magnitude greater than the 
corresponding ones determined in this work. 
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Between 330 and -365 run, the reported cross-sections of Martinez et al. 45 are 
still larger than the ones determined in this work, but the differences were considerably 
reduced as the wavelength increased. As stated earlier, absorbances of the carbonyls in 
this region are extremely weak. To arrive at absorption cross-sections in this region of 
the spectrum using 10 cm pathlength cells and absorbing gas pressures of -30 torr, 
absorbances of the order of 0.003 would have to be detected. Large magnitudes of 
error are therefore expected in their measurements using conventional 10 cm gas cells. 
Present measurements using a pathlength of 14400 cm would arrive at these cross-
sections with smaller amounts of sample and measured higher absorbances. The 
increased sensitivity in the present experiments by the use of long paths should reduce 
the associated error in the absorption cross-sections. Thus, cross-sections reported here 
are deemed more accurate than the previous measurements, where overlaps occur.35,45 
Another factor that could lead to differences in reported cross-sections of the 
compounds is the degree of purity of the compounds used. In the experiments reported 
here as well as those referenced,45 the carbonyls were degassed by several freeze-
pump-thaw cycles and rigorously purified by trap-to-trap distillations under vacuum. 
No impurities were found in the FTIR spectra before and after the UV absorption 
measurement. No absorption cross-sections beyond 365 run have been previously 
-reponed for any of the carbonyls studied. 
4.4.2 Photodissociation Lifetimes 
Absorption cross-section values are fundamental in the evaluation of 
atmospheric photodissociation lifetimes of molecules. In combination with information 
on the solar actinic flux and the primary quantum yields, the solar photolysis rate 
constant for the compounds can be evaluated using the relationship:46.128 
(4.2) 
where 
1(9) is the photodissociation rate constant for the compound at solar zenith 
angle 8; 
00 .. ) is the absorption cross section as a function of wavelength A.; 
1(9).) is the spherically integrated actinic flux as a function of solar zenith 
angle and wavelength; and 
«p(A) is the quantum efficiency for the photolysis of the compound as a function 
of wavelength A.. 
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The spherically integrated actinic fluxes <l.l the, earth's surface, as a function of 
wavelength and solar zenith angle, have been tabulated by Demerjian et al. 129 and 
Peterson. 140 The data are for best estimate surface albedos, assuming cloudless 
conditions. The extension of measurable UV absorption cross-sections of the 
compounds in the long wavelength region to 440 run in the present studies requires that 
the photolysis rate constants should be re-evaluated. These calculations are currently in 
progress following the procedure of Finlayson-Pitts and Pitts46 and shall be published 
separately from this thesis. 
First-order photodissociation rate constants for acetaldehyde, acetone and 
2-butanone had previously been calculated by Cox et al. 141 using absorption cross-
sections reported by Calvert and Pitts.4o They assumed that the primary quantum yield 
for photolysis was unity at these wavelengths. Quantum yields for the 
photodecomposition of the carbonyls under atmospheric conditions have, however, 
been found to be dependent on both wavelength and total air pressures and in many 
cases are smaller than one.35,142,143 Rate constants calculated assuming a quantum 
yield of unity therefore represent upper limits of the rate constant for photodissociation 
under tropospheric conditions. Martinez et al. 45 re-evaluated photodissociation 
lifetimes for these compounds using their determined cross-sections and the 
recommended quantum yields for acetaldehyde and acetone. 144 For the other 
carbonyls, for which no quantum yield data were available, upper dissociation rate 
constants were calculated assuming a photodecomposition quantum yield of unity at all 
wavelengths. Their results for a representative set of atmospheric conditions are shown 
in Table 4.2. 
Table 4.2 
Rate constants for photodissociation and reaction with ·OH radical for carbonyl 
compounds under typical atmospheric conditionst 
J X 10-6 (1 Jan)* J x 10-6 (1 July) k x 10-6 # OH 
Compound (S-I) (S-I) (S-I) 
Acetaldehyde 1.2 4.3 5-50 
Acetone 0.14 0.60 0.07-0.7 
2-Butanone 3.6¥ 12.0¥ 0.3-3 
2-Pentanone 5.0¥ 17.0¥ l.5-15 
3-Pentanone 3.7¥ 13.0¥ 0.6-6 
t From Martinez et al. 45 
* J = Noontime photolysis rate constant at 40° N, at sea level and under cloudless conditions. 
# th . Atkin 42 . kOH = Pseudo-first-order rate constant at T = 25°C; calculated from e data 10 son. , assummg 
[OH] = 0.3-3.0 x 106 molecule cm-3. 
¥ Upper limit for J, calculated assuming ¢(Ao) = 1 at all wavelengths in the actinic UV. 
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Apart from acetaldehyde, where the reaction with hydroxyl radical is 5-10 times 
as fast as photolysis, the rates of photolysis and reaction with hydroxyl radical are the 
same order of magnitude. In particular, it can be seen from Table 4.2 that the rate 
constants for photolysis and reaction with hydroxyl radicals for acetone are low 
compared with the other carbonyls. This compound therefore would have the tendency 
to build up to significant levels in the troposphere. 
Photodissociation rate constants derivable from absorption cross-sections 
extending to the presently measured long wavelength limit of 440 nm should be 
expected to be greater than previously reported values. These carbonyl compounds are 
therefore envisaged to have shorter atmospheric lifetimes based on solar photolysis than 
previously speculated. The upper limit photodissociation rate constants of the larger 
carbonyls should be greater than those of the smaller molecules due to their significant 
absorption in the visible region. Furthermore, the relative importance of the two main 
atmospheric removal pathways for the compounds, photolysis and chemical reaction 
with hydroxyl radicals, may need to be re-considered in the light of the present 
absorption cross-section measurements. 
4.5 CONCLUSIONS 
This study has extended the long wavelength limit of detectable UV absorption 
for acetaldehyde and some of the simple aliphatic ketones to 440 nm. The cross-
sections measured beyond previous limits of about -360 nm, though generally weak, 
are expected to lead to shorter photodissociation lifetimes for these molecules in the 
atmosphere. Photodissociation may therefore playa more crucial role in the destruction 
of the molecules in the troposphere than reaction with hydroxyl radical. 
Although the extent of solar photolysis expected for the carbonyls based on the 
present cross-sections have not yet been calculated, the contributions are expected to be 
relatively large. For the larger ketones, 2- and 3-pentanone, with absorptions tails 
extending well into the visible, the solar photolysis would be more significant than 
reaction with hydroxyl radicals assuming a photolysis quantum yield of unity. The 
significance of the absorption of the carbonyls in this region of the electromagnetic 
radiation is apparent from the strong intensity of the solar flux in this region availa Ie 
for photochemistry in the troposphere. 
CHAPTER 5 
VIBRATIONAL SPECTRA OF 1,2,3-TRIAZINE 
SUMMARY 
A comprehensive study of the vibrational spectroscopy of 
1,2,3-triazine has been undertaken. The twenty one expected 
fundamental vibrational modes have been assigned based on IR and 
Raman spectra, in conjunction with ab initio molecular orbital 
calculations and normal coordinate analysis. For the in-plane vibrations, 
the three C-H stretches occur at 3107, 3045 and 3046 cm-i . Only two 
of these were observed in the IR spectrum since the last two are almost 
coincident. The six ring stretches were assigned to 1545, 1410, 1336, 
1195, 1064 and 979 cm-i . For the deformation modes, the bands at 
1597, 1124 and 935 cm-i were assigned to hydrogen bends, while the 
ring in-plane deformations occur at 1080, 660 and 653 cm- i . The 
potential energy distributions from the normal coordinate analysis 
suggest a mixing of the ring stretching (1545 cm-i ) and the hydrogen 
bending (1597 cm-i ) modes. as having energies of 
The C-H out-of-plane vibrations were assigned A 1300, 1123 
and 819 cm-i . The 1300 and 1123 cm-i bands were not observed on the 
recorded spectra and were assigned on the basis of theory. The ring out-
of-plane bands were seen at 769, 365, 318 cm-i . The normal coordinate 
analysis generated a set of force constants which reproduce most of the 
observed frequencies and represent the force field for this molecule. The 
force constants indicated a relatively high localization of the n-electrons 
on the nitrogen atoms. The absorption frequencies of most of the modes 
are consistent with the molecular skeleton and agree with most of the 
corresponding vibrations of the other azines. 
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5.1 INTRODUCTION 
5.1.1 The Azabenzenes 
The azabenzenes (Figure 5.1) belong to a family of compounds in which one or 
more carbons in the benzene ring are substituted by nitrogen atoms. In the study of 
these nitrogen heterocycles, 1,2,3-triazine (Figure 5.2) occupies a position of special 
interest. It is the only synthesised monocyclic azabenzene that has more than two 
nitrogens on adjacent sites in the ring. The fact that it is also one of the simplest 
heterocyclic systems further underlines its importance. Most of the bands in the 
vibrational spectra of benzene through the monocyclic azines are due to the normal 
modes of the aromatic ring. 145 Adequate characterization of the vibrational motions and 
correct assignments of the bands are necessary for understanding the 
molecular structures of these compounds. 
0 0 (:) N~N U N 
1 2 3 4 
r-N N N~N eN (~ I I J, ) II I ~N N~N N~N N 
5 6 7 8 
Figure 5.1. Benzene and the monocyclic azines: 1. Benzene; 2. Pyridine; 
3. Pyrazine; 4. Pyrimidine; 5. Pyridazine; 6. 1,2,4-Triazine; 
7. 1,3,5-Triazine (s-Triazine); 8. 1,2,4,5-Tetrazine (s-Tetrazine). 
A knowledge of the vibrational force constants would provide information on 
how the strengths of the bonds involving methine groups are affected by replacement of 
other methine groups by nitrogen. Similarly, if the dipole moment derivatives of the 
ring bonds were available, it would be possible to gain information on how the charge 
distribution is affected by these replacements and therefore the trend in the degree of 
aromaticity in the series of molecules. 146 As a result of these factors, it has become 
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both interesting and infonnative to study the systematic changes that occur in the 
vibrational spectra of such six-membered azacyclic compounds as pyridine, diazines, 
triazines and tetrazines. 
(a) (b) 
Figure 5.2. 1,2,3-Triazine (a) , and the molecular axis (b). 
·5.1.2 Infrared and Raman Spectroscopy 
For the absorption or emission of vibrational energy by a molecule in the IR 
region to occur, there must be change in the electric dipole moment during the vibration. 
This implies that the vibration should produce temporary displacement of the electrical 
centre of gravity. The molecule need not necessarily possess a pennanent dipole 
moment. The intensity of the absorption or emission band in the IR depends on the 
magnitude of the change in the electric dipole moment associated with the molecular 
vibration whose energy is being altered. For the Raman spectra, the molecular vibration 
must be accompanied by a change in polarizability. The intensity of the band is 
dependent on the magnitude of this change. 147 
The motion of a particular fundamental vibrational mode gives rise to a deflnite 
absorption frequency. A nonnal mode of vibration is one where, in the absence of 
other nonnal modes, each nucleus executes simple hannonic oscillations in a straight 
line about its equilibrium position.148 In other words, in the nonnal vibration, all the 
nuclei of the molecule move in phase with the same frequency. For a non-linear 
polyatomic molecule with N atoms, the number of modes of vibration is given by 
3N-6. The six refers to the three degrees of freedom for both translational and 
rotational motions. These are not regarded as genuine vibrations. The nonnal modes of 
a molecule are very useful in the description of its internal motion. 
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Closely associated with the vibrational activity of a molecule is its symmetry. 
The symmetry of a molecular model is defined by those operations (symmetry 
operations) that interchange the nuclei in such a fashion that the new configuration is 
indistinguishable from the original one. The collection of such operators defmes the 
point group to which the model belongs. The symmetry of the molecule describes the 
symmetry of the potential energy field experienced by the nuclei and hence fixes the 
types of the normal vibrational modes.149 A primary step in vibrational analysis is the 
classification of the normal modes according to their symmetries. Symmetry analysis 
also gives information as to which modes of the vibrations are infrared and/or Raman 
active. 
5.1.3 Vibrational Spectroscopy of the Azines 
Most of the azines possess groups that have appreciable electric dipole 
moments and are readily polarizable, hence intense vibrational bands are obtained in 
both their IR and Raman spectra. These two spectroscopic techniques have therefore 
been widely and efficiently employed for their structural investigation. The vibrational 
assignment of pyridine is well established. The scaled calculated frequencies are in 
good agreement with experimental values. 150 The vibrational spectra of the three ' 
diazines have also been extensively studied. Assignments for pyrazine are now quite 
secure.151.152 Though the initial vibrational analysis of pyrimidine and pyridazine 
contained some questionable assignments, most of the controversies have been 
resolved. 153·156 
The symmetrical triazine (7), which has alternating nitrogen and carbon atoms 
in the ring, has been known since 1952 and its spectroscopic properties have been 
studied in great detail.157.158 In accordance with theoretical calculations and 
preliminary experimental observations,159 it is expected to be the most stable of the 
three triazines, while 1,2,3-triazine is expected to be the least stable. The scaled 
calculated band positions and intensities for s-triazine are in good agreement with the 
recorded spectra (Lancaster et al.157 ). The vibrational spectroscopy of 1,2,4-triazine 
has not been rigorously studied, however the IR bands and assignments proposed for 
its vibrations160 are also comparable to similar bands in pyridine, pyridazine, 
pyrimidine and pyrazine. Some of the assignments originally proposed for s-tetrazine 
by Franks et al.161 have been revised. The newer assignments are consistent with the 
calculated frequencies.162 
Since 1,2,3-triazine was first synthesised and characterized in 1981 ,50 very 
little attention has been paid to its physical and chemical properties. This may be 
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attributed in part to its relatively low stability at room temperature. On the other hand, 
much more interest has been expressed in, and considerable work carried out on, 
d~rivatives of the 1,2,3-benzotriazines because of their wide range of biological 
activity.54 In a recent review on the electronic and vibrational spectroscopy of 
azabenzenes,152 only the most symmetrical triazines and tetrazines were included. The 
data on 1,2,3- and 1,2,4-triazine were too limited to warrant inclusion. The lack of 
information on the two triazines encouraged more studies on them. In the present 
work, a comprehensive study of the infrared and Raman spectra of 1,2,3-triazine has 
been undertaken. Based on normal coordinate analysis, ab initio molecular orbital 
calculations, and comparison with similar compounds, the normal vibrational modes 
have been assigned. 
S.2 EXPERIMENTAL 
The preparation and purification of 1,2,3-triazine have been described in 
chapter 2 along with the instrumentation used for the measurement of the IR and 
Raman spectra. IR spectra of 1,2,3-triazine were recorded on the Perkin-Elmer 1600 
and 1800 spectrometers at resolutions of 0.2 - 2 cm-1 using KBr and CsI disks. Due to 
the very low vapour pressure of 1,2,3-triazine at ambient temperature, it was not 
possible to obtain the vapour phase IR spectrum by conventional techniques, and 
therefore no vapour-phase IR spectra are reported. Raman spectra of the pure solid, in 
capillary quartz tubes of internal diameter 0.5 mm, were recorded on the SPEX 1204, 
using argon-ion (A = 458 and 488 nm) and krypton-ion (A = 647 om) line excitation. 
The out-put power of the laser lines was 150, 700 and 500 m W respectively. Errors in 
the band frequencies in the IR and Raman spectra were estimated to be ± 2 and 
± 5 cm-1, respectively. The elemental composition, nuclear magnetic resonance 
(NMR) and mass spectral (MS) data for the prepared compound are summarised in 
Table 5.1. The IH-NMR and mass spectra of 1,2,3-triazine are shown in Figures 5.3 
and 5.4 respectively. 
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Table 5.1 
Elemental analysis, MS and NMR spectral data for the prepared 1,2,3-Triazine 
M.P. 
Elemental analysis (C3H3N3) 
Mass spectra * 
1H-NMR** 
69 -70 °C 
Calculated (%) C 44.44 H 3.73 N 51.83 
Found (%) C 44.53 H 3.59 N 52.08 
rnlz (% reI. int.) 81(M+, 14), 53(M+-N2' 29), 
52(C3NH2 +, 14), 51 (C3NH+, 5), 
38(C2N+, 3) 27(HCN+, 7), 
26(C2H2 +, 6) and 25 (C2H+, 100) 
8 (ppm) 9.11 (2H; HI and H3, d; J = 5.7 Hz) 
7.46 ( lH; H2, t; J = 5.7 Hz) 
*Electfon impact (EI) ionisation (70 eV) **Spectra recorded in CDCl3 against 1MS. 
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5.3 AB INITIO CALCULATIONS 
5.3.1 Computational Methods 
The force field of a molecule is the set of force constants corresponding to all 
the displacements of the atoms. It gives a measure of the rigidity of various parts of the 
molecule. It is rarely possible to obtain unique force fields from experimental 
vibrational frequencies because of the limited number of frequencies available. There 
will usually be two or more sets of force constants that will fit the experimental 
frequencies satisfactorily.163 The tool that appears to provide the solution to this 
problem is the calculation of a vibrational force field via ab initio molecular orbital 
procedures. 164 At the Restricted Hartree-Fock (RHF) level, the calculated harmonic 
force fields and fundamental vibrational transitions are qualitatively well behaved but are 
usually about 10% larger than the experimental results. The reasons for this variance 
have been attributed to the observed vibrational modes being anharmonic (the harmonic 
frequencies are obtained in the RHF calculations) and the calculated bond lengths being 
about 1 % too short, leading to force constants that are too large. The systematic nature 
of these deviations has led to the use of a scaling scheme in which the calculated 
frequencies are multiplied by about 0.90, leading to estimated frequencies that are in 
reasonable agreement with the experimental values.165 This is normally adequate to 
check vibrational assignments. Furthermore, when the scaled calculated frequencies are 
consistent with experimental ones, the calculated force constants, when similarly scaled, 
provide a good starting point for a normal coordinate analysis. 
Standard ab initio molecular orbital calculations 165 were carried out using the 
GAUSSIAN 92 program. 166t Optimized structures were obtained at the RHF /6-310* 
and the MP2 / 6-310* levels of theory using the frozen-core approximation. The 
programs have a procedure for obtaining analytical second derivatives of the electronic 
energy with respect to nuclear displacement, and permit the direct acquisition of the 
harmonic force field and fundamental vibrational frequencies . In the RHF /6-310* 
case, IR absorption intensities were obtained from the dipole derivatives calculated by 
analytic second differentiation of the energy with respect to the electric field. For the 
MP2 / 6-310* computation of IR intensities, the dipole derivatives were obtained 
through finite difference techniques of the energy with respect to dipole moments. 
tMy gratitude goes to Dr. Tony Scott of The Theoretical Organic Chemistry Group, Research of 
Chemistry, ANU, for carrying out the ab initio calculations. 
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5.3.2 Ab Initio Results 
The calculated and experimental geometry of 1,2,3-triazine are shown in 
Table 5.2. The experimental results were obtained from an X-ray diffraction study at 
100 K, with the C-H bond lengths fixed at 1.085 A.61 This is in accordance with 
average C-H bond lengths determined from neutron diffraction studies of many 
molecules. The calculated geometry is that of gas-phase 1,2,3-triazine. As expected, 
the bond lengths at MP2 are longer than HF16S and generally in closer agreement to 
those found experimentally. The largest discrepancy at the MP2 level is found for the 
N 1- N 2 bonding distance, which is predicted to be 0.015 A too long. Such an 
observation appears to be symptomatic of MP2 / 6-310* calculations on molecules 
containing a N=N moiety.167 Bonding angles are well predicted at both levels of 
theory. 
Table 5.2 
Experimental and Calculated Oeometry'l of 1,2,3-Triazine 
HF/6-310* MP2/6-310* Exptl.b 
N1-N2 1.292 1.341 1.326 
N1-C6 1.322 1.346 1.346 
CS-C6 1.375 1.388 1.382 
C6-H9 1.074 1.087 1.085 
CS-Hg 1.073 1.086 1.085 
N 1-N2-N3 121.8 121.1 121.6 
C4-CS-C6 114.3 115.3 115.4 
Cs-C6-H9 122.7 122.7 124.5 
C6-CS-Hg 122.9 122.4 120.2 
aBond lengths in A and bond angles in degrees. 
!>Prom ref.61 
5.4 NORMAL COORDINATE ANALYSIS 
5.4.1 Force Constant Calculations 
A normal mode undergoing a vibration has an associated frequency 
v (v, wavenumber, cm-1 ) which depends on the force constant k for the mode and on the 
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reduced mass ~ of the mode. The vibrational frequency in wavenumbers, neglecting 
anharrnonicities, is given by: 
v = 1 ~ ~ 
27tc'l ~ (5.1) 
The reduced mass of the mode ~ is a measure of the mass that is swung about 
by the vibration. In many cases, a nonnal mode is a composite motion of simultaneous 
stretching and bending of bonds. 
For large molecules where certain vibrations are often characteristic of the 
molecule as a whole (e.g, the symmetrical breathing vibrational modes of benzene), the 
link between force constant, reduced mass, and measured frequency may not be as 
neatly formulated as in the case for diatomic and linear triatomic molecules. In order to 
obtain an expression for the frequencies in terms of the masses and the force constants 
for polyatomic molecules, it is first necessary to derive an equation for the kinetic and 
potential energies of the molecule in terms of some common coordinates. It is the 
formulation of a suitable but reasonably accurate potential energy equation that presents 
the main difficulty. Internal coordinates are more suitable and more often employed in 
the expression of the potential energies than rectangular coordinates as they give clearer 
physical meaning of the force constants. 148 Also, a set of internal coordinates does not 
involve translational and rotational motion of the molecule as a whole. A nonnal 
coordinate analysis has the objective of giving the potential function, force field and 
vibrational frequencies of polyatomic molecules. The information derivable, together 
with the intensity calculations, provide reasonable basis for the experimental verification 
of the theories of molecular dipole moment and polarizability. 
A normal coordinate treatment has been carried out for 1,2,3-triazine by using a 
Urey-Bradley Force (UBF) field. * This consists of stretching and bending force 
constants, as well as repulsive force constants between non-bonded atoms.168,169 The 
UBF field has the advantage that force constants have clearer physical meanings than 
those of the Generalized Valence Force (OVF) fIeld.168 In addition, the force constants 
derived from the Urey-Bradley functions are often transferable from molecule to 
molecuie. 170 The iterative method of adjusting force constants to give "best fit" to the 
observed frequencies was used. This method is described in detail in the work by 
Overend and Scherer. 170 The structural parameters for 1,2,3-triazine used for the 
calculations were obtained from the X-ray crystallographic analysis carried out by 
*My appreciation goes to Marilyn Olliff of The Physical and Theoretical Chemistry Group, 
Department of Chemistry, ANU, for performing the normal coordinate analysis. 
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Neunhoeffer et al. 61 These parameters have been presented in Table 5.2. The internal 
coordinates used to set up the vibrational problem are shown in Figure 5.5. 
Figure 5.5. Internal coordinates of the vibrations of I,2,3-triazine. 
Calculations were made using a set of Fortran programs adapted for the 
SUNIUNIX computer at the Australian National University (ANU). The Urey-Bradley 
form of the potential energy used was: 
2V = t:0K';r'(6r;) + K; (6r;) , 
+ .~(2Hlijr/(llaij)+ Hij(rollaij)~ 
l<j \ ) 
+ .~~F'ij% (Ilqij) + Fij(llqij)2\ (5.2) 
l<j \ ) 
where K, H, and F represent the stretching, bending, and repulsive (non-bonded 
interactions between second-neighbouring atoms) force constants, respectively. The 
linear terms in K' and H' were omitted as these flrst derivatives can be equated to zero 
in the equilibrium case. F' has been taken as -O.IF, on the assumption that the 
repulsive energy between non-bonded atoms is proportional to 1Ir. 170 This is usually 
considered appropriate since F' is very small in most cases. The values ri, aij, and % 
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represent the bond lengths, bond angles, and interatomic distances, respectively, for the 
atoms i and j. In some calculations of the UBF field, extra terms relating to interactions 
b~tween non-neighbouring bonds and angles are incorporated. In most cases however, 
these Van der Waals interactions among more distant atoms do not contribute 
significantly to the vibrational frequencies. These terms have been ignored in the 
calculations in order to keep the number of force constants to a minimum. 
5.4.2 Calculated UBF Constants for 1,2,3-Triazine 
The twenty one fundamental vibrational modes of 1,2,3-triazine are described 
by twenty seven internal coordinates. These internal coordinates involve 
nine bond stretchings (L), six in-plane ring bends (bond angles, a), three in-plane 
rockings (/3), three out-of-plane wags (E) and six ring torsions (-r). These coordinates 
are defmed in Table 5.3. The final set of UBF constants along with the VF ones, 
calculated for 1,2,3-triazine, are listed in Table 5.4. The Urey-Bradley set of force 
constants was found to reproduce satisfactorily the observed wavenumbers apart from 
some few exceptions, as noted later. For comparison purposes, the in-plane valence 
. force constants of pyrazine 171 are also presented. A good parallel exists between force 
constants that are common to both molecules. As no vibrational spectra of azabenzenes, 
or even azanaphthalenes, possessing three adjacent nitro gens are available, the 
comparison can only be approximate. In particular, no estimates are available for the 
N-N stretch and the N-N-N in-plane bending constants when the three nitrogens are 
adjacent. In a treatment of 1,2,4,5-tetrazine, Kawaguchi and Mann l72 obtained valence 
force field constants of 6.6 and 5.9 mdyn A-l for the C-N and N-N stretches, 
respectively. These are a little less than the values obtained for 1,2,3-triazine in this 
work. The low stability of 1,2,3-triazine relative to the other triazines and diazines 
suggests a lower degree of aromaticity.172a The high N-N stretch force constant may reflect 
a relatively increased localization of the 7r-electrons on the nitrogen atoms. 
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Table 5.3 
The internal coordinates of 1,2,3-triazine and the corresponding symbols used 
Type of internal 
coordinates Atoms involved Notation Description 
Bond stretching N1-N2 Ll Nring-Nring stretching 
coordinates N2-N3 Ll Nring-Nring stretching 
NT C4 ~ N · -Cnn stretching nng g 
N 1-C6 L2 Nring-Cring stretching 
C4-Cs ~ Cring-Cnng stretching 
Cs-C6 ~ Cnng-Cnng stretching 
C4-H7 L4 Cnng-H stretching 
~-~ L4 Cnng-H stretching 
Cs-Hs Ls Cnng-H stretching 
Torsional C6-Nr N2-N3 'rl ring torsion 
coordinates N1-N2-N3-C4 'rl ring torsion 
Nr N3-C4-CS 't2 ring torsion 
Cs-C6-N1-N2 't2 ring torsion 
N3-C4-CS-C6 't3 ring torsion 
C4-CS-C6-N1 't3 ring torsion 
Out of plane C4-CS, N3-H7 (C4-H7) El Cnng-H wagging 
coordinates CS-C6, C4-HS (Cs-Hs) E2 Cring-H wagging 
C6-N1, Cs-Hg (C6-Hg) El Cnng -H wagging 
Angle C6-N1-N2 ~ ring deformation 
deformation N1-N2-N3 ~ ring deformation 
coordinates N2-N3-C4 ~ ring deformation 
N3-C4-CS lX.3 ring deformation 
C4-CS-C6 a4 ring deformation 
Cs-C6-N1 lX.3 ring deformation 
N3-C4-H7 f31 Cring-H rocking 
C4-Cs-HS ~ C · -H rocking nng 
CS-C6-~ A c · -H rocking nng 
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Table 5.4 
Urey-Bradley and Valence Force Constants 
Descriptiona U-B force VFforce VF force constant 
Constants constant pyrazineb 
N-N stretch (L l ) 5.49 7.54 
N-C stretch (L-;.) 5.38 7.28 6.97 
C-C stretch (~) 3.66 5.78 6.34 
C-H stretch (L4 , L 5) 4.83 5.04 5.12 
NNNbend (lX:2 ) 1.67 2.07 
NNCbend (al ) 0.98 1.41 
NCCbend (~) 0.87 1.29 1.18 
CCCbend (a~ 0.75 1.10 
HCNC in-plane wag (/31 ) 0.97 1.09 0.69 
HCCC in-plane wag (f32 ) 0.50 0.72 0.44 
HCNC out-of-plane wag (E l ) 0.52 
HCCC out-of-plane wag (E 2) 0.33 
NNNC ring torsion ( 'rl ) 0.37 
NNCC ring torsion (~ 0.13 
NCCC ring torsion ('t3) 0.13 
FN .. C 1.29 
FN .. N 1.27 
FC .. C 1.00 
FN .. N 0.02 
Fc .. R 0.29 
Note: All values are in mdyn/A. ap = non-bonded interaction forces. bScrocco et al.17l 
5.5 VIBRATIONAL SPECTRA 
The IR spectrum of 1,2,3-triazine in KBr over the range 500 to 3500 cm-l is 
shown in Figure 5.6, while Figures 5.7a-d show the Raman spectra of the compound in 
the solid state. The observed IR and Raman transition frequencies are collected in 
Table 5.5 along with assignments and calculated ab initio frequencies. Impurities in 
the spectra are almost non-existent, though the very weak band at 728 cm-l may 
possibly be assigned to acetylene, a decomposition product of 1,2,3-triazine. The 
Raman spectra lack a smooth baseline due to poor signal-to-noise ratio. IR spectra 
recorded in CsI host in the frequency range down to 150 cm-l revealed an additional 
absorption at 318 cm-l . This was assigned to an out-of-plane vibration. 
<U 
~ 
C 
~ 
,.Q 
"" o (Il 
,.Q 
-< 
2.6025 
(Tl~ 
r-:tO 0" ~,o 
(Tl(Tl 
I I 
o 
C\J 
III 
" III 
o 
..... 
'" 
o 
m 
III 
(Tl 
(Tl 
r-: ~ to 
C\J 
m 
" m O I . 
III 
(Tl 
m 
I 
m 
IDm 
..... 
IDID 
ItO 
" I
ID 
C\J 
III 
to 
I 
o . 1568 --.J -----
3000 2500 2000 1500 1000 500 
Wavenumber (em-I) 
Figure 5.6. Infrared absorption spectrum of 1,2,3-triazine (KBr host, 2 cm-i resolution). 
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Table 5.5 
A comparison of the observed IR, Raman and theoretically calculated 
frequencies (cm-l) and relative Intensities 
Observed Calculated 
IR R MP2/6-31G*c HF/6-31G*d 
v Int. v Int. v Int.(IR) - Int(IR) Int.(R) v 
al 3107 1.2 3110 2.9 3079 1.0 3054 0.9 54 
3045 3.4 3056 0.2 3031 0.2 35 
1597 0.6 1594 1.2 1514 0.7 1597 0.4 3.7 
1336 5.8 1329 0.9 1306 3.7 1401 2.7 0.0 
1080 0.5 1088 2.5 1044 0.3 1122 0.5 1.1 
106ge 1064 2.1 1077 0.0 1053 0.0 3.5 
979 3.5 977 10 927 1.4 1007 1.1 10 
660e 660 1.3 633 0.2 662 0.0 1.7 
a2 915 0.0 996 0.0 0.5 
365 0.9 310 0.0 401 0.0 0.4 
b l 907 0.1 1015 0.0 0.1 
819 3.6 761 6.0 819 1.2 0.4 
769 3.3 713 1.9 762 2.5 0.1 
318f 286 0.5 358 0.3 0.1 
b2 3046 1.4 3062 2.7 3040 2.3 13 
1545 10 1547 1.5 1524 10 1585 10 0.1 
1410 2.3 1370 2.7 1422 1.2 0.0 
1195 0.6 1198 1.3 1193 0.8 1201 0.1 1.6 
1124 0.5 1127 1.0 1088 1.0 1075 0.0 1.6 
935 2.8 989 3.0 899 0.8 2.0 
653 4.3 621 1.9 649 1.0 1.1 
Note: In each case the intensity of the strongest band has been arbitrarily set at 10. 
<1beoretical frequencies scaled by 0.9426.169 
dTheoretical frequencies scaled by 0.8929. 173 
eIndicates a shoulder. 
fesI host as distinct from KBr. 
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1,2,3-Triazine has nine atoms and therefore a total of twenty one (3N-6) 
fundamental modes of vibration are expected in its vibrational spectrum. An X-ray 
crystallographic analysis of the compound at 100 K has shown the molecule to be 
. 61 planar. It belongs to the Czv point group and the twenty one fundamental modes of 
vibration may be reduced to the symmetry species 8a l + 2a2 + 4b! + 7b2. All the 
fundamentals are allowed in the Raman spectrum and all but the two a2 modes are IR 
active. The a l and b2 vibrational species lie in the molecular plane, while the motions of 
the a2 and b l are out of the plane of the molecule. 
In Table 5.5, the theoretical frequencies calculated at the RHF /6-310* and 
MP2 / 6-310* levels have been scaled by the factors of 0.9426 and 0.8929 
respectively.169,173 These values have been found to reproduce the experimental 
frequencies of most molecules very closely.!67 It is noted in the table that both levels of 
theory predict the most intense band in the IR absorption to be near 1550 cm-! , in 
excellent agreement with the experimental result of 1545 cm-l . Similarly, the 
RHF / 6-310* calculations predict that, apart from the C-H stretching vibrations, the 
most intense band in the Raman spectrum is at about 1000 cm-l . This is also consistent 
with the observed most intense Raman band at 977 cm-! . 
The calculated UBF vibrational frequencies together with the experimentally 
observed ones are presented in Table 5.6. The observed bands have been assigned by 
comparison with ab initio calculated frequencies and intensities at the RHF /6-310* 
and MP2 /6-310* levels; agreement with normal coordinate analysis; and correlation 
with the assignments for similar compounds. Numbering is given in two ways; by a 
serial number within the symmetry species and by Lord et al.'s scheme.!74 This 
scheme, derived from the numbering of the vibrations of benzene, is still widely used in 
the literature. In matching the calculated and observed frequencies through adjustment 
of the force constants, doubtful or unknown frequencies have not been entered. Thus, 
for the in-plane block, the frequencies 2a!, 6a!, and 4b2, and for the out-of-plane 
block, the frequencies 1a2 and 1bl , were all calculated without attempting to fit them to 
observed frequencies. 
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Table 5.6 
A comparison of the Observed and Calculated (Urey-Bradley Force Field) 
Vibrational Frequencies for 1,2,3-triazine 
No Lord's No.a Vobs veale Assignment Description 
cm-1 cm-1 (% PED)$ 
1a1 2 3107 3107 CH L 5(90.1), L4(8.4) 
2a1 13/20a 3045* 3045 CH L4(94.5), L5(4.2) 
3a1 8a 1597 1597 HpIR .81(41.9), L 2(28.1), L 3(12.5), L4(6.9) 
4a1 19a 1336 1336 R L1 (34.2).L2(21.52),.81 (16.2), a2(13.5) 
5a1 12 1080 1080 Rp a1(22.9), a3(18.7), ~(18.3), L 1(13.1) 
6a1 1 1064* 1057 R L1 (55.0), L 2(22.7), L 3(9.4), .81 (5.9) 
7a1 9a 979 979 R L 3(42.1), .81(25.8), L 2(10.5) , L 1(7 .7) 
8a1 6a 660 660 Rp a4(20.8), ~(18.8), ~(17.4), L2(1O.8) 
1~ 17a 1123 Ho E 1(94.0) 
2~ 16a 365 365 Ro 't2(48.9), 't"1(33.1), ~(12.0), E 1(6.0) 
1b1 5/lOb 1300 Ho E 1(66.1), E 2(12.5), ~(8.1), · 't"1(7.9 
2b1 17b 819 821 Ho E 2(66.9), 't"1(28.3) 
3b1 4 769 767 Ro 't"1(50.8), E 1(27.6), E 2(14.4), 't2(7.1) 
4b1 16b 318 318 Ro ~(69.1), 't2(13.4), 't"1(7.3), E 2(6.4) 
1b2 7b 3046 3046 CH L4(94.5), L 5(4.4) 
2b2 8b 1545 1545 R/Hp .81(42.4), L 2(24.0), L 3(18.3), L4(8.5) 
3b2 19b 1410 1410 R L 1(63.9), L 2(16.0), a3(4.1), ~(3.28) 
4b2 14 1195* 1329 R L 3(29.2), L 1(24.7), .82(22.8), L4(10.4) 
5b2 15 1124 1124 Hp .81 (38.3), L 2(36.9), L1 (13.8), a1 (4.1) 
6b2 18b/3 935 935 Hp .82(43.8), L 3(22.2), L 4(17.2), L 1(6.1) 
7b2 6b 653 653 Rp a 1 (31.8), L1 (30.5), a3(26.4) 
Note: "'Omitted from the frequency fitting procedure in the normal coordinate calculations. CH. C-H 
stretch; R. ring stretch; Hp. in-plane H bend; Rp. in-plane ring bend; Ho. out-of-plane H bend; Ro. out-
of-plane ring bend. 
RLord el al. 174 
$Contribution (%) from potential energy distribution (PED). 
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5.5.1 In-plane Vibrations 
5.5.1.1 Carbon-hydrogen stretching modes 
Of the eight a l modes of 1,2,3-triazine, seven are believed to have been 
identified in the IR spectrum and all eight in the Raman spectrum. The C-H stretchings 
are usually the highest fundamental wavenumber vibrations and generally appear at 
-3000 ern-I. Two C-H stretching bands were clearly seen in both the IR and Raman 
spectra. Use of a higher resolution instrument did not succeed in resolving the two 
bands into the expected three. On the basis of agreement with the calculated intensities, 
it is argued that the two bands in the IR spectrum should be assigned to the 1a l and 1b2 
modes, whereas in the Raman spectrum the two modes are predicted to be of a l 
symmetry. This requires that the two lower frequency C-H stretching vibrations, 2a l 
and 1b2, are almost coincident at 3046 ern-I. This is consistent with the normal 
coordinate prediction for the frequency of 2a l . The C-H stretches are illustrated in 
Figure 5.8. The arrows in these illustrations as with the follow up ones are only 
qualitative. 
Figure 5.S. C-H stretching vibrations of 1,2,3-triazine 
5.5.1.2 Ring stretching modes 
Among the six stretching ring modes, the 3a l , 2b2 (8a,b) and the 4a l , 3b2 
(19a,b) pairs are very similar to most of the diazines and other triazines. 152 From the 
potential energy distribution of the normal coordinate analysis (Table 5.4), the pair of 
bands, 1597 and 1545 ern-I, have an almost equal contribution from both a ring 
stretching vibration and an in-plane hydrogen bending. This suggests that the bands 
have a mixed composition. These bands were, therefore, not categorically assigned to 
either of the modes. The vibration 3a l has a higher wavenumber than 2b2 as is usual in 
heterocycles with nitrogen,173 their difference (52 ern-I) being close to that of 
monosubstituted pyrazine derivatives. 175 
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The bands at 1336 and 1410 cm-I have been securely assigned to ring 
stretching modes, 4al and 3b2, respectively. The observed bands compare favourably 
w~th the calculated frequencies. In the IR spectrum, a weak band at 1069 cm-I is also 
assigned to a ring stretching mode (6a l ). The assignment receives support in the 
Raman spectrum where a band is seen at 1064 cm - I. Furthermore, the normal 
coordinate calculations predict a frequency of 1057 cm-I for 6a l . It should be noted 
though, as mentioned earlier, that the observed energy of 6a l was not part of the 
frequency fitting procedure. The wavenumber of this band is also well above those 
observed for the corresponding vibrations of pyrazine (1016 cm-I) , 151, 152 s-triazine 
(989 cm-I)157 and s-tetrazine (1009 cm- I) . 161 
The band at 1195 cm-I in the IR spectrum, attributed to the vibrational 
frequency of the 4b2 mode, is weak. Although assigned tentatively to a ring stretching 
vibration, it may possibly be a combination or hot band. A band, however, is also seen 
at a similar frequency in the Raman spectrum, supporting the IR assignment. The 
ab initio calculations were not decisive on the choice between the band at 1195 cm-I 
and an unseen one with frequency some 100 cm-1 larger as predicted by normal 
coordinate calculations, since the discrepancy was about 10%. Despite numerous 
normal coordinate calculations for which the force constants were varied considerably, 
it proved impossible to pick a set of force constants that would give overall agreement 
with all of the observed frequencies, reduce the calculated frequency of 4b2 below 
1300 cm-I , and maintain consistency with related molecules where applicable. 
The assignment of the ring stretching modes was completed by the band at 
979 cm-1 (7a 1). This assignment was supported by the vibrational and ab initio 
calculations. It however lacks an analogue in the other azabenzenes 152 where the 
9a (Lord's notation) frequencies are relatively higher and result from an in-plane 
hydrogen bend. The six ring stretching modes of 1,2,3-triazine, represented from the 
calculated eigenvectors, are shown in Figure 5.9. 
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Figure 5.9. The ring stretching modes of 1,2,3-triazine. 
* An in-plane C-H bend seems an alternative possibility for the 2b2 mode (see text). 
5.5.1.3 In-plane deformations 
The bands at 1080 (5a l ) , 660 (8a l ) and 653 cm-f(7b2) have been assigned to the 
three expected in-plane ring bending modes (aring, Figure 5. lOa). The 5a l band 
approaches those observed for the corresponding vibrations of s-tetrazine 
(1093 cm· l )162 and pyrimidine (1065 cm· l ),153 but differs significantly from those of 
pyrazine (1021 cm· l )151 ,152 and s-triazine (1137 cm- l ).157 The 660 cm- l band 
appeared only as a shoulder in the IR spectrum, but was well resolved in the Raman 
spectrum. Its assignment was supported by the ab initio calculations and the normal 
coordinate analysis. The 653 cm-l band is very regular in the azine series and has been 
similarly assigned in s-triazine (676 cm-l )157 and s-tetrazine (640 cm-l ).162 
The in-plane C-H deformation vibrations ~(CH) have been assigned to the bands 
at 1597 (3a l ), 1124 (5b 2 ) and 935 cm-l (6b 2 ) . These modes are shown in 
Figure 5. lOb. As mentioned earlier, the calculated PED values showed that the in-
plane C-H deformations, especially the 1597 cm-l band, involve major contributions of 
ring stretching vibrations. These bands would therefore be expected to be sensitive to 
the number and position of nitrogen atoms in the ring. It should also account for the 
variations observed in the vibrational frequencies of this mode in the azines and the lack 
of secure assignments in the analysis of the vibrational spectra of s-triazine. l52 On the 
strength of the present analysis, the origin of the 1597 cm-l band, therefore, is not 
discriminated from the 1545 cm-l band. The corresponding ~(CH) in plane bend 
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vibrations in 1,2,4-triazine (1163, 1136 and 1113 cm-I)160 differ randomly from those 
observed for the 1,2,3-isomer. 
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Figure 5.10. In-plane bending vibrational modes of 1,2,3-triazines 
(a) ring deformations (b) C-H deformations. 
* A ring stretching vibration seems an alternative possibility for the 3a] mode 
(see text). 
5.5.2 Out-oj-plane Vibrations 
There are six expected out-of-plane vibrations in the spectra of 1,2,3-triazine 
(Figure 5.11). Three of these are C-H, Y(CH), while the other three are ring, Yring' 
deformations. The a2 vibrations are electric-dipole forbidden in the IR and accordingly 
were not seen in the spectrum. They are allowed in the Raman spectrum and a band 
observed at 365 cm-I has been assigned to 2a2, an out-of-plane ring deformation mode. 
The other a
2 
vibration was not seen. This is expected to be an out-of-plane C-H (YCH) 
mode. Of the four b i vibrations none was identified in the Raman spectrum, but three 
have been assigned in the IR. The bands at 767 (3b l ) and 318 cm-I (4b l ) have also 
been assigned to the out-of-plane ring bending modes. This, together with the 2a2 
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band, completes the assignments for the three expected ring torsions. The pair of 
bands, 2a2 (365 cm-I ) and 4b l (318 cm-I ) , (1 6a, b respectively) are consistent in the 
spectra of benzene and the azines, although their relative magnitudes differ from one 
compound to the other. The band at 821 cm-I has been assigned to 2b l , another out-of-
plane C-H mode. This is the lowest frequency so far observed for this mode in this 
series of molecules. 152 
(a) 
(b) 
Figure 5.11. Out of plane defonnations of 1,2,3-triazine 
(a) C-H modes (b) ring modes. 
The frequencies of all the assigned out-of-plane bands are in good agreement 
with the ab initio predictions and with the nonnal coordinate calculations. Nonnal 
coordinate calculations, however, place the two unseen out-of-plane C-H vibrations, 
1a2 and 1bl' at about 1100 and 1300 cm-
I
, respectively. The fact that these frequencies 
are substantially higher than the values predicted by the ab initio calculations, and also 
larger than similar modes of the other azabenzenes,152 may cast doubt on their validity. 
It can be seen from Table 5.6 and Figure 5.11 that of the six out-of-plane vibrations, the 
two unseen vibrations are H-twists. As there are a total of three H-wagsltwists, the 
selection of force constants to achieve matching of the one known H-wag is clearly not 
unique, and the set of force constants for the out-of-plane bends listed in Table 5.4 must 
be considered tentative. 
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5.6 CONCLUSIONS 
The IR and Raman spectra of 1,2,3-triazine have been measured in the solid 
phase. The twenty one expected normal modes of vibration have been assigned on the 
basis of ab initio calculations, normal coordinate analysis and correlation with spectra of 
other azines. The absorption spectra in the IR region show expected bands for this 
system. The C-H stretching vibrations were assigned to the bands at 3107,3046 and 
3045 cm-I . The six expected ring stretching vibrations were ascribed to 1545, 
1410, 1336, 1329, 1057 and 979 cm-t. The in-plane deformations were assigned to 
1597, 1124, and 935 cm-1 for the C-H modes and 1080,660 and 653 cm-I for the ring 
modes. 
The three bands for the out-of-plane C-H deformation vibrations were seen at 
1300, 1123 and 821 em-I, while the out-of-plane ring bends were assigned to the bands 
at 767, 365 and 318 em-I. Most of the assignments are in good agreement with theory 
and consistent with vibrations of similar six-membered nitrogen heterocycles. Some of 
the in-plane hydrogen deformations involved major contributions from the ring 
vibrational modes, while the force constants of some out-of-plane bands were not 
unique. The assignments of these vibrational modes in this work are therefore tentative. 
The study has also developed a set of force constants which reproduce the majority of 
the observed spectral wavenumbers and represent the force field for this molecular . 
structure. 
CHAPTER 6 
THE PHOTOLYSIS OF 1,2,3· TRIAZINE 
SUMMARY 
The photolysis of 1,2,3-triazine was studied in hexane and 
methanol solutions, and in the vapour phase. The decomposition of 
1,2,3-triazine, during irradiation in the solution and vapour phases, was 
monitored by UVlVis and FTIR spectroscopy respectively. Quantum 
yields for the photodecomposition of 1,2,3-triazine were measured at 
selected wavelengths within its principal UVlVis absorption band (350-
270 nm). The yields obtained by irradiating 1,2,3-triazine, at the 
wavelengths of maximum absorbance in methanol (). = 288 nm) and 
hexane (). = 295 nm), were 0.57 ± 0.05 and 0.55 ± 0.05, respectively. 
The yields did not vary with concentration of 1,2,3-triazine in the range 
0.71 - 3.24 x 10-4 M. Dissolved oxygen had only a limited effect on 
the quantum yields. The quantum yields were also insensitive to changes 
in incident light intensity. 
Acetylene was identified as one of the photolysis products in 
solution. Other products that gave rise to new bands in the UV spectra 
during the irradiation were not unambiguously identified. Both acetylene 
and hydrogen cyanide were identified as products in the vapour phase 
and have been rationalized to be formed through a simple 
photoJragmentation of 1,2,3-triazine. The detection of other products 
though not clearly identified, however, indicates that simple 
fragmentation is not the exclusive mechanism for the 
photodecomposition of 1,2,3-triazine. The implications of the presence 
of traces of water on the photolysis behaviour of 1,2,3-triazine is 
addressed. 
6.1 INTRODUCTION 
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Only a few reports have appeared in the literature on the photolysis of the 
triazines even though the compounds are photochemically labile. 176-178 1,3,5-Triazine 
(s-triazine) was found to photodissociate into three hydrogen cyanide (HeN) molecules 
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when excited at 248 and 193 nm. 177 Photolysis of the compound using the broad band 
excitation in the UV (A. < 300 nm), also produced hydrogen cyanide. This was the only 
product observable by infrared spectrometry.65 Maier and Schafer178 investigated the 
photo-decomposition of 3,5 ,6-trimethyl-1,2,4-triazine by matrix photolysis and 
observed 2-butyne, acetonitrile and nitrogen as the only products. The irradiation of 
substituted monocyclic 1,2,3-triazines in most cases gave nitrogen, a nitrile, and an 
alkyne,179,180 but no photolysis of the parent compound has been reported. 
1,2,4,5-tetrazine (s-tetrazine) is one of the azines whose photochemistry has been 
intensively studied. 181,182 Although it is now widely accepted that the main out-come 
of the S 1 f-- So excitation is dissociation, and that the products are hydrogen cyanide 
and nitrogen, a consensus is yet to be reached as far as the dissociation mechanism is 
concerned. 183 
The possession of a nitrogen-nitrogen double bond (Kekule structure) by 
1,2,3-triazine suggests that N2 can easily be eliminated from the compound leading to 
the fonnation of azacyclobutadiene (azete). This is supported by the following fmdings: 
irradiation of 4,5,6-triphenyl-l,2,3-triazine in benzene/THF led to benzonitrile and 
diphenylacetylene, presumably via an intennediate azete route; 180 the reported trapping 
of trifluoroazete at 77 K when 4,5 ,6-trifluoro-1 ,2,3-triazine was photolysed at 
254 nm; 184 and the thennolysis of 4,6-dimethyl-l ,2,3-triazine which yielded 2-methyl 
pyrrole, also believed to be derived from a biradical or an azete intennediate. So far, no 
azetes have been detected as intennediate products in the photochemical studies of alkyl 
substituted 1,2,3-triazines, the simplest monocyclic 1,2,3-triazine derivatives. 
X-ray crystallographic analysis61 ,62 shows that the parent 1,2,3-triazine is 
almost planar with a reasonable degree of electron delocalization. The compound is 
therefore expected to be relatively thennally stable. The salient features of the ring and 
the intennediacy of azetes and/or biradicals during its photodecomposition reactions 
remain speculative. Clearly. studies are needed to correlate the chemical behaviour of 
this compound with its physical properties and those of analogous molecular structure. 
A clear understanding of the photochemistry would also lead to a better interpretation of 
the electronic spectrum of the molecule which. up to date, has not been precisely 
analysed. Photodecomposition studies of 1,2,3-triazine in dilute solutions of hexane 
and methanol, and in the vapour phase have been carried out. The dependence of the 
photodecomposition quantum yields on irradiation wavelength, concentration, and 
solvent was investigated. Attempts have been made to relate the observed 
photochemical behaviours to possible pathways for the photochemical decomposition of 
the molecule. 
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6.2 EXPERIMENT AL DETAILS 
Details of the preparation of 1,2,3-triazine used for this work as well as the 
photolysis methods and the procedure used in the actinometric determination of the 
incident light intensities have been presented in Chapter 2. 
6.3 RESULTS 
6.3.1 UV/Vis Absorption Spectra of 1,2,3· Triazine 
The UVNis absorption spectra of 1,2,3-triazine in hexane and methanol 
solutions are shown in Figures 6.1 and 6.2, respectively. The spectra are analysed in 
greater detail in Chapter 7. Essentially they consist of two broad bands. The 
wavelengths of maximum absorption (j"max) occur at 295 and 231 nm with molar 
absorptivities of 650 ± 35 and 219 ± 20 L mol-1 cm-1 respectively for hexane, and at 
288 and 228 nm for methanol with molar absorptivities of 950 ± 50 and 
230 ± 20 L mol-1 cm-1 respectively. In earlier UV measurements of 1,2,3-triazine 
the band at -230 nm was reported to appear as a shoulder.50,61 In the vapour phase, the 
electronic absorption spectrum is characterized by a few discrete narrow bands with an 
I apparent origin at 402 nm. This is followed towards shorter wavelengths by bands of 
rapidly increasing widths lying on a background of rising absorption intensity. 
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Figure 6.1. UV/Vis spectrum of 1,2,3-triazine in hexane (10 cm pathlength cell). 
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Figure 6.2. UVNis spectrum of 1,2,3-triazine in methanol (10 cm pathlength cell). 
It was observed during the experiments that 1,2,3-triazine was hygroscopic, 
absorbing water from the atmosphere. On the absorption of trace amounts of water, the 
spectra of 1,2,3-triazine were found to be perturbed with the principal '-max undergoing 
a slight blue-shift. The extent of the blue-shift appeared to be directly related to the 
amount of water absorbed by 1,2,3-triazine. This effect was far more pronounced in 
hexane, compared to methanol solutions, where the observed blue-shifts were 
sometimes down to -280 nm from -295 nm (Figure 6.3). Some of the spectra of 
1,2,3-triazine were therefore recorded in the presence of dehydrating agents. Molecular 
sieve, type 4A, was found to be unsuitable as it absorbed and/or adsorbed 1,2,3-triazine 
from solution. Employment of anhydrous sodium sulphate, however, was effective in 
removing most of the water. 
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Figure 6.3. Spectra of 1,2,3-triazine in hexane (a) anhydrous (b) hydrated. 
6.3.2 Incident Light Intensities 
The light source used for the irradiations has a high intensity continuous-wave 
out-put from -200 nm to the visible region. Monochromatic beams with band-passes of 
6 nm were selected for the irradiations. The absolute light intensity at each centre 
wavelength of the photolysis was determined with the potassium ferrioxalate 
actinometer. A linear calibration plot of absorbance vs molar concentration of 
Fe2+-phenanthroline complex obtained with the spectrophotometer used in this work is 
shown in Figure 6.4. The calculated molar absorptivity, £ = 1.10 x 1()4 L mol-! cm-! 
(slope of plot) compares favourably with the literature value of 
£ = 1.11 x 104 L mol-! cm-!, obtained from most well-adjusted 
spectrophotometers.40 The emission spectrum of the lamp in the wavelength region 
employed for the photolyses is shown in Figure 6.5. The incident light intensities at 
the centre wavelengths are presented in Table 6.1. The absolute incident light intensity 
10 at each wavelength was found to vary by less than 2% during the irradiation periods. 
0.90 
0.70 
0.50 
0.30 
y = 1.10 X 104x + 1.82 X 10-4 
r = 0.999 
where y;: absorbance 
x;: concentration 
-0.10 -+------...----....,.......----.---.....-----. 
0.0 1.6 3.2 4.8 6.4 8.0 
Concentration x 10-5 Mol L-1 
Figure 6.4. Absorbance vs concentration of Fe2+-phenanthroline complex. 
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Figure 6.5. Emission spectrum of the Varian high power illuminator 
(xenon arc lamp) . 
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Table 6.1 
Incident light intensities (0) from the Varian xenon lamp at the centre 
wavelengths used for irradiations 
A. 
(nm) 
230 
250 
270 
290 
310 
330 
350 
370 
390 
lot 
(1015 photons cm-2 S-I) 
0.05 
0.06 
0.08 
0.09 
0.11 
0.25 
0.71 
1.00 
1.24 
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tMeasured intensities have estimated errors of ± 10% and varied by less than 2% during the photolysis. 
6.3.3 Photolysis of 1,2,3-Triazine in Methanol 
On irradiation of 1,2,3-triazine in methanol at wavelengths less than 300 nm, 
the UV Nis spectrum exhibits changes as shown in Figure 6.6. This profile is 
consistent with all photolysis conducted in methanol within this wavelength range. The 
convergence of the traces below 220 nm is due to instrumental insensitivity in this 
wavelength region. Both peaks at 288 and 228 nm were found to decrease with 
irradiation time, but not by the same relative amounts. The 228 nm band decreased 
more slowly than the principal band maximum. This implied the existence of a 
photolysis product(s) that absorbed within the absorption region of 1,2,3-triazine and 
was principally overlapped by the second 1,2,3-triazine band. The formation of this 
product(s) may also explain the isosbestic point observed at 247 nm, on the UV plots 
during the irradiation. The same observations were noted during the photolysis of 
degassed solutions of 1,2,3-triazine in methanol within this wavelength 
region (Figure 6.7) . 
When irradiations were extended beyond 200 min, the isosbestic point was 
gradually lost (Figure 6.8) as the absorption bands continued to decrease. It seems 
therefore that the photolysis product(s) is photo-labile and was decomposed, albeit at a 
lesser degree, with continued irradiation. This should also account for the 
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disappearance of the isosbestic point as the irradiation of the solutions continued. At the 
long time limit of the photolysis (1030 min), only trace absorptions were observed in 
the spectrum (Figure 6.9). Both 1,2,3-triazine and the photoproduct(s) were found to 
be thermally stable as spectra taken between the times that the solutions were kept in the 
dark, at room temperature, showed negligible differences. 
1.20 
0.80 
0.40 
0.00 -4Z;.L.---r------r-----"T-----!!II .... -.---
400 200 250 350 300 
Wavelength (run) 
Figure 6.6. Spectral Changes (absorbanc,.,) during irradiation of 1,2,3-triazine in 
methanol at 290 nm. The UV spectra (top to bottom) were recorded after 
0,5,20,65 and 200 min of irradiation. 
(The convergence oj these spectra below -220 nm as with other spectra displayed 
hereafter was due to instrumental insensitivity in this region, see text). 
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Figure 6.7. Absorbance changes during irradiation of 1,2,3-triazine in methanol 
at 290 nm (degassed solution). The UV spectra (top to bottom) were 
recorded after 0, 10, 40, 100 and 190 min of irradiation. 
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Figure 6.8. Absorbance changes during irradiation of 1,2,3-triazine in methanol 
at 290 nm. The UV spectra (top to bottom) were recorded after 0, 10, 
40, 100, 190,310 and 430 min of irradiation. 
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Figure 6.9. Spectrum of the 1,2,3-triazine solution at the end of the irradiation (1030 min). 
(spect rum is a continuation of the series in Figure 6.8) 
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When methanol solutions of 1,2,3-triazine were irradiated at wavelengths 
longer than 300 nm, the photolysis behaviour appeared somewhat different from that 
observed below 300 nm irradiation. The changes noted in the spectra as the solution 
wa·s irradiated at 350 nm,e shown in Figure 6.10. The principal band of 1,2,3-triazine 
at 288 nm gradually decreases as the compound is photolysed but there was only very 
little change in the intensity of the second band maximum. In addition, a slight red-shift 
of both bands was noticed when the irradiation times exceeded 65 min. Most probably, 
a different product(s), from the one(s) produced on photolysis at wavelengths less than 
300 nm, is involved. Alternatively, the same product(s) may have been formed in both 
cases but the product(s) underwent a more rapid destruction when irradiated at the 
shorter wavelengths. This is a reasonable assumption since the product(s) appeared to 
absorb principally in this region. The disparity in the changes in the absorption bands 
of 1,2,3-triazine during the irradiations therefore reflects different rates of photolysis of 
the photoproduct(s) at the different wavelength regions. 
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Figure 6.10. Absorbance changes during irradiation of 1,2,3-triazine in methanol 
at 350 nm. The UV spectra (top to bottom) were recorded after 0, 5, 
20, 65, 200 and 380 min of irradiation. 
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6.3.4 Photolysis of 1,2,3-Triazine in Hexane 
As noted earlier, the effect of water on solutions of 1,2,3-triazine was more 
pronounced in hexane than in methanol. The principal wavelength maximum for the 
anhydrous form occurred around 295 nm. On the other hand, the principal wavelength 
maximum of the hydrated form was blue-shifted, the extent of the shift being dependent 
on the amount of water absorbed. The maximum blue-shift observed in this work was 
-15 nm when the "'max of 1,2,3-triazine in hexane occurred at about 280 nm. The 
action of water on 1,2,3-triazine in hexane is rationalized in the following ways: 
In the presence of initial traces of water, a hydrogen bonding develops between 
one of the water protons and one of the nitrogen atoms of 1,2,3-triazine. The 
absorption maximum becomes less well pronounced owing to the superposition of 
another absorption band rising to shorter wavelengths. As the amount of absorbed 
water increases, the symmetry of the absorption band is lost and the overlap between 
the original main band of 1,2,3-triazine and the developing one becomes more obvious. 
This behaviour indicates that two forms of 1,2,3-triazine are essentially involved, 
namely, a non-complexed 1,2,3-triazine [1] and 1,2,3-triazine attached to a water 
molecule through hydrogen bonding [2]. An equilibrium should exist between these 
two forms of 1,2,3-triazine as shown in equation (6.1.1). The hydrogen-bonded 
structures shown in equations 6.1.1 and 6.1.2 are schematic only. 
eN eN II H H .. :::,.. ll:- --H-o' H (6.1.1 ) + '0/ c ~ N 
N/ N/ 
[1] [2] 
Three hydrogen bonds are theoretically possible but a 1: 1 complex of 
1,2,3-triazine and water appears to be most energetically favourable as a result of 
possible steric effects. The hydrogen-bonded complex is most probably responsible for 
the absorption at higher energies. A similar hydrogen-bonded complex is expected 
between 1,2,3-triazine and methanol (6.1.2) and must also be responsible for the 
differences in wavelength maximum of 1,2,3-triazine in methanol and hexane. That this 
hydrogen bonding exists between methanol and 1,2,3-triazine is further supported by 
the fact that exposure of the methanol solutions to traces of water had very little 
influence on the shape and intensity of the UV bands. 
H /CH3 
'0 
• 
c 
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(::::,... l __ H_o'CH, (6.1.2) 
N/ 
[3] 
As more amounts of water become absorbed by 1,2,3-triazine, hydrolysis of 
the molecule possibly accompanies hydrogen-bond formation. The 1,2,3-triazine ring 
has been noted to be so n--deficient to be readily attacked by nucleophiles.63 Thus, 
large amounts of water could result in an attack of water molecules on the n--deficient 
carbon atoms in the ring. The ultimate result of such a process would be the opening of 
the ring and the destruction of the molecule (Scheme 6.1). 
H" / 
H 
.Q 
H0YH H H H Cl .. .. N N N N·· 
.. ~ / .. .. ~ / ... 
N N 
[1 ] 
H 
H H 
H 
ring opening H products 
• H 
.. ---N N )!i/V ............. H /N'N~N H .• H+ 
[ 4a] [4b] 
Scheme 6.1. Attack of water molecule on a n--deficient carbon atom of 
1,2,3-triazine. 
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Indeed, when the spectra of 1,2,3-triazine in hexane saturated with water were 
measured, a blue-shift of the hydrated solution was accompanied by rapid reduction in 
intensity of the 1,2,3-triazine bands. The disappearance of 1,2,3-triazine under these 
conditions, was attributed to the second process. The implication of the spectral shifts 
was underlined by their effect on the photochemical behaviour of 1,2,3-triazine in 
hexane. In the photolysis carried out in hexane, the observed behaviour depended to a 
large extent on the degree of hydration of the solution. This was determined from the 
extent of the blue-shift from 298 nrn which corresponded to the Amax obtained for the 
most anhydrous solution used. In this work, solutions of 1,2,3-triazine in hexane with 
initial Amax greater than 293 nm were thought to constitute mainly the anhydrous form 
while those with initial Amax less than or equal to 293 nm were taken to be 
predominantly of the hydrated form. 
For the hexane solutions with initial Amax greater than 293 nrn (mainly 
anhydrous), photolysis at incident wavelengths greater than 290 nm led to gradual shifts 
in the wavelength maximum from 295 to 280 nrn. The spectral changes during a typical 
irradiation series are shown in Figure 6.11. 
~ 
~ 
C 
~ 
~ 
'-0 
CIl 
~ 
< 
2.00 
1.50 
1.00 
0.50 
.-......... 
. ' , 
t o ~I 
I·l/ .. ~_ ... '-. 
. , .. ' . 
.. I"J .'\ .... 
I I " t (... \' .. 
I' . \ 
" ... ... I f Of I 
I,' ... \ II .~ \'. 
II . " ',', 
'I ~ 't. • .. . I· I " , ... . 
11 • "'",- ',I 
II .. ' • "~"~ I.' " ". ', 1',1... • .•.. , \ 
"/"/--" '. \ 
,'.' I '.r", ", ,~ "/ ( , 
.,,' I:. ,I. Ir,..~ '\ "I. 
r "/ ,', ,'I',' I' ,.- 'ct" '"' " (",', ',,..-!.,.'. ','" / ' /-~\ ", .... 'i, 
.,.1,..,::/" .~. l,!, '\'y;,r.,., " ~I" '-. " .... '1 .. 
," • '" ~. .' .,' \ ~- . '~i ~ ' ' ' ' ,-• • ' • J*~ \. -'""-- ", ~'" 
. .....,.., - ~ ',-" .. '\. ,.-;=.~- ~ -"'""-- ~~~ 
0.00 ...!.=:....-----r-------r-========r-"O":.:~==:-~-4'0-0--'--=-,450 
200 250 300 350 
Wavelength (run) 
Figure 6.11. Absorbance changes during irradiation of 1,2,3-triazine in hexane 
(anhydrous form) at 350 nm. The UV spectra (top to bottom) were 
recorded after 0, 10,40, 100, 190 and 310 min of irradiation. 
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Again, an isosbestic point is noted at 246 nm on the spectral traces. When 
irradiation times exceeded 200 min, product bands were observed at 334 and 320 nm. 
These bands became more obvious on enlarging the spectra as shown in Figure 6.12. 
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Figure 6.12. UV/Vis spectrum of 1,2,3-triazine after irradiation in hexane at 350 run. 
When the anhydrous solutions were irradiated using incident wavelengths less 
than or equal to 290 nm, only slight shifts in "'max were observed initially and these 
were towards the longer wavelength side of the ~ax' Spectral changes accompanying 
a typical irradiation under these conditions are shown in Figure 6.13. By the end of the 
irradiation period, the "'max had shifted by about 8 run to -305 nm (Figure 6.14). This 
figure also shows two other new bands at 264 and 271 nm in addition to the other two 
observed during irradiation with incident wavelength greater than 290 run. In this case, 
the bands at 334 and 320 run appeared as shoulders. The product(s) bands in both 
cases were generally weak and the product(s) did not accumulate significantly during 
the photolysis. Again, the convergence of the spectra below 220 nm in all the traces, 
was due to instrumental insensitivity resulting mainly from significant solvent 
absorptions in this region. The bands were also gradually destroyed on prolonged 
irradiation and the isosbestic point eventually disappeared. These observations 
indicated that the product(s) was also photo-labile. UV spectra of several known direct 
pyrolysis products of 1,2,3-triazine, (pyridine, pyridazine, pyrimidine, pyrazine, 
pyrazole and pyrrole) were recorded in hexane. None of these compounds could be 
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credited with the absorption bands observed during the photolysis of 1,2,3-triazine 
hence the identity of the products could not be confmned. 
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Figure 6.13. Absorbance changes during irradiation of 1,2,3-triazine in hexane 
(anhydrous fonn) at 290 nm. The UV spectra (top to bottom) were 
recorded after 0, 5, 20, and 65 min of irradiation. 
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Figure 6.14. UV/Vis spectrum of 1,2,3-triazine after irradiation in hexane at 290 nm. 
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Solutions of 1,2,3-triazine in hexane with initial Amax ~ 293 run were thought 
to be constituted mainly of the hydrated form of the compound. When these solutions 
were irradiated at incident wavelengths greater than 290 nm, little or no change was 
observed in the position of the Amax. The spectral changes observed during a typical 
irradiation series in this wavelength region are shown in Figure 6.15. 
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Figure 6.15. Absorbance changes during irradiation of 1,2,3-triazine in hexane 
(hydrated form) at 350 nm. The UV spectra (top to bottom) were 
recorded after 0, 10,40, 100, 190,310 and 610 min of irradiation. 
The perturbation of the shorter wavelength band of 1,2,3-triazine especially 
with irradiation times greater or equal to 100 min also gave an indication of underlying 
absorption as a result of product(s) formation. On irradiation of the hydrated solutions 
at incident wavelengths less than or equal to 290 nm, the Amax gradually underwent a 
red-shift. The observed changes are as seen in Figure 6.16. By the end of the 
irradiation, after 310 min, the Amax was at 301 nm and new absorption bands were also 
observed at 264, 272, 334 and 320 nm. The spectra appeared more or less like that 
obtained after the photolysis of the anhydrous form in this wavelength 
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region (Figure 6.14). An isosbestic point was also observed which gradually 
disappeared as the irradiation continued. 
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Figure 6.16. Absorbance changes during irradiation of 1,2,3-triazine in hexane 
(hydrated form) at 290 nm. The UV spectra (top to bottom) were 
recorded after 0, 10,40, 100, 190 and 310 min of irradiation. 
6.3.5 Photolysis Products 
After irradiation of methanol and hexane solutions of 1,2,3-triazine, the 
photolytes were frozen at liquid nitrogen temperature on a vacuum line. The solutions 
were thereafter warmed to -80°C and the non-condensable gases at this temperature 
were collected in 10 cm gas cells and analysed by FTIR spectroscopy. Acetylene was 
the only photoproduct isolated. This gas was identified by its characteristic strong 
perpendicular vibrational band at 729 cm-l in the infrared spectra. Hydrogen cyanide, 
expected to be formed via the s me process as acetylene wa not i olated. With a 
go C 184a . 'bI ' I thi f vapour pressure of 1 mm Hg at -70. , It was not paSSl e to ISO ate S gas rom the 
bulk volatile liquids used. The photolytes were also subjected to vacuum distillation at 
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room temperature. No solid residues were obtained. The products responsible for the 
absorptions in the UV spectra taken during the photolyses were therefore not identified. 
Control samples of 1,2,3-triazine in methanol and hexane, kept in the dark, 
showed no measurable decomposition during the same time spans that were used for the 
photolyses and were found to be reasonably stable for several days at room 
temperature. The removal of 1,2,3-triazine in the irradiated solutions therefore 
proceeded by photolysis. 
6.3.6 Quantum Yields 
The quantum yields obtained for the disappearance of 1,2,3-triazine in 
methanol and hexane at various wavelengths are presented in Table 6.2. The quantum 
yields for the photochemical decomposition <Pd were evaluated by measuring the ratio of 
the initial rate of loss of 1,2,3-triazine (-d[T]/dt) to the rate of absorption of light (6.1). 
(6.1) 
where 
nt = the number of molecules of 1,2,3-triazine decomposed during t seconds (ts) of 
irradiation; and /second 
labs = amount of light absorbed as determined by the actinometrically calibrated PMT. 
" 
The rates of loss of 1,2,3-triazine were obtained from the initial slopes of plots 
of 1,2,3-triazine concentrations as a function of irradiation time. For the methanol 
solutions, the absorbance measurements of the more intense, long wavelength band of 
1,2,3-triazine were used. For the hexane solutions, quantum yields are reported only 
for photolysis conducted in solutions with initial Amax greater than or equal to 295 nm. 
These solutions were deemed to contain essentially the anhydrous form of 
1,2,3-triazine. The yields were also evaluated based on absorbance differences of the 
main 1,2,3-triazine band. To check for evidence of significant absorption of the 
incident radiation at this wavelength, by the hydrogen-bonded species, quantum yields 
were also evaluated using absorbance differences measured at longer wavelengths. The 
longer the wavelength at which the absorbances were taken, the less the error expected 
from the absorption tail of the hydrogen-bonded species, but the greater the error 
involved in measurement of the weak absorbance tail of the pure 1,2,3-triazine. A 
compromise wavelength (325 nm) was chosen and quantum yields evaluated from 
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absorbance differences at this wavelength were consistent with those obtained using the 
principal Amax under the conditions of less than 10% decomposition. Apparent 
quantum yields obtained for the hydrated solutions were larger and inconsistent, 
perhaps reflecting the amount of water and the extent of hydration (hydrogen bonding). 
The quantum yields were evaluated in all cases after less than 10% of the initial 
1,2,3-triazine sample had decomposed. Within this time, the plots of concentration vs 
time of irradiation were mostly linear and possible absorption of radiation by the 
photodecomposition products was expected to be insignificant. The possibility of 
secondary reactions within this period was also deemed to be minimal. No new bands 
were observed in any case until more than 30% of the initial 1,2,3-triazine had 
decomposed. 
Table 6.2 
Quantum yields for the photodecomposition of 1,2,3-triazine a 
A Quantum Yield, <j>d 
nm 
methanol hexane 
270 0.53 t 0.51 
288* 0.57 
295* 0.55 
310 0.53 0.55 
330 0.54 0.55 
350 0.59 0.57 
370 0.54 0.51 
aConcentration of triazine used for the photolysis ranged from l.346 to 2.213 x 10-4 M. 
tEstimated errors in the quantum yields are about ± 0.05. 
*Wavelengths of maximum absorbance for l ,2,3-triazine in methanol and hexane. 
The quantum yields in methanol and hexane at the wavelengths of maximum 
absorbance were found to be 0.57 ± 0.05 (n = 19) and 0.55 ± 0.05 (n = 8) 
respectively. The sample number, n, refers to the number of photol sis measurements 
used to derive the average quantum yields. The errors (-10%) represent one standard 
deviation of the mean. Most of the photolyses conducted in hexane were discarded due 
to hydration of the solutions and their effect on the spectra and '-max' As stated earlier, 
only samples deemed to be predominantly anhydrous have been used in the averaging 
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of the quantum yields. Considerable care was taken to ensure that these solutions were 
not exposed to the atmosphere during irradiation and UV measurement. The errors 
derive mainly from weighing the small amounts of 1,2,3-triazine used, the absorbance 
measurements and their differences. Systematic errors, such as fluctuation in the 
photon out-put of the lamp is expected to increase the error range. The yields varied 
only slightly with changes in wavelength between 288 and 350 nm. 
Table 6.3 presents quantum yields determined in degassed and air saturated 
solutions of methanol, at 288 nm, using various concentrations of 1,2,3-triazine. The 
photolyses were conducted using two different light intensities. Variations in quantum 
yield as a function of 1,2,3-triazine concentration were minimal and somewhat 
irregular. The quantum yields were independent of incident light intensity within the 
limits of experimental errors. Moreover, the quantum yields determined in air saturated 
solutions and the corresponding ones in degassed solutions did not differ significantly. 
Table 6.3 
Photodecomposition quantum yields of 1,2,3-triazine in degassed and air 
saturated solutions of methanol as a function of concentration and incident light 
intensity* 
Air Saturated Degassed 
Concentration Quantum Yield Concentration Quantum Yieldt 
X 10-4 M X 10-4 M 
100% IiKht Intensity 
3.24 0.48 3.24 0.42 
2.17 0.51 2.21 0.51 
1.86 0.57 1.71 0.54 
1.60 0.51 1.60 0.57 
1.42 0.56 1.43 0.54 
0.71 0.57 0.77 0.57 
SO % IiKbt Int~n~iit):: 
1.64 
0.78 
0.52 
0.57 
1.67 
0.83 
0.46 
0.48 
*Irradiations were carried out at 288 n.m using the full and one balf (50%) of the light source 
intensity. tEstimated errors in the quantum yields (one standard deviation) are about ± 10%. 
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6.3.7 Photolysis of 1,2,3-Triazine Vapour 
In the vapour phase photolysis of 1,2,3-triazine, both acetylene and hydrogen 
cyanide were identified as products, by their characteristic infrared bands. No attempt 
was made to search for nitrogen, although stoichiometrically, this was expected to 
complement the other two products. A typical plot of acetylene formation during 
irradiation of 1,2,3-triazine is shown in Figure 6.17. A similar plot was obtained for 
the formation of hydrogen cyanide. The plots are linear, indicating that the rates of 
formation of acetylene and hydrogen cyanide were constant throughout the photolysis 
period. The vapour phase photolyses were carried out by irradiation through the side of 
the 10 cm cylindrical quartz cell. It was therefore not possible to determine, readily, the 
absolute incident light flux during the photolysis hence no quantum yields were 
evaluated for the formation of acetylene and hydrogen cyanide. Unirradiated solid 
samples of 1,2,3-triazine in equilibrium with its vapour kept in the dark during the 
vapour phase photolysis were stable within the photolysis period and exhibited only 
negligible decompositions for longer periods of time. Traces of acetylene were the only 
products observed from the minor thermal decompositions. 
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Figure 6.17. Acetylene formation following irradiation of 1,2,3-triazine 
vapour at 288 nm. 
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6.4 DISCUSSION 
6.4.1 UV Spectra 
The molar absorptivity (E = 950, methanol) determined here for the principal 
band maximum (288 nm) differs from E = 860 (ethanol) and E = 537 (methanol) 
reported earlier by Ohsawa et ai.50 and Neunhoeffer et ai.61 respectively. The 
measured molar absorptivities are mean of ten measurements with a standard deviation 
of 5%. Errors in the evaluation of the molar absorptivity arise principally from the 
small amounts of 1,2,3-triazine needed for the preparation of solutions for the UV 
spectra and the purity of the compound. In addition, the tendency for 1,2,3-triazine to 
absorb water vapour and the attendant blue-shift of the "-max may result in increased 
errors in the measured absorbance and hence in the calculated molar absorptivity. 
Repeated UV measurements showed that the band at 230 nm is clearly a full and distinct 
absorption band and not a shoulder as previously reported.50 In the higher resolution 
spectra scanned using the Cary 219 spectrophotometer, this band, in hexane, was found 
to possess some well-resolved broad structure. 
On the basis of the hypsochromic and hyperchromic effects in the absorption 
upon increasing the polarity of the solvent from hexane to methanol, the principal band 
was assigned to an 1r*f-n transition. As yet, no firm conclusions could be reached as 
to the origin of the second band at 230 nm. Judging from its intensity and the slight 
blue-shift in methanol, this band could also be an n*f-n transition, or a combination of 
1r*f-n and 1r*f-7r transitions. 
6.4.2 Photochemical Decomposition 
The quantum yields for the photodecomposition of 1,2,3-triazine in hexane and 
methanol do not exhibit any significant solvent effects. The solvent behaviour observed 
is indicative of a decomposition mechanism that does not involve initial formation of 
radicals. Photodecomposition reactions involving radicals tend to exhibit a solvent 
effect because of the involvement of solvent cages, the so called 'cage effect'.186 
n-Hexane and methanol have different viscosities, 3.13 x 1()3 and 5.93 x 1()3 poise at 
20°C, respectively.4o Accordingly, radicals would be expected to escape the less 
viscous hexane solvent cage more readily than those of methanol. A radical mechanism 
would have given rise to higher quantum yields for the decomposition of 1,2,3-triazine 
in hexane relative to methanol. Quantum yields and photolysis spectra for the air 
saturated solutions did not differ significantly from those of the corresponding degassed 
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solutions. Although no extra oxygen was added to the photolysed solutions, the 
influence of dissolved oxygen, present in the air saturated solutions, on the 
decomposition quantum yields was clearly limited. This is also consistent with a non-
radical decomposition mechanism in which oxygen would be expected to playa minimal 
role. The non-inhibition of the disappearance quantum yield by oxygen is also 
indicative of a short-lived excited state of the molecule. From the preliminary analysis 
of the UV spectra of 1,2,3-triazine (see following Chapter), the 288 nm band involves 
the excitation of a singlet state higher than the lowest excited state, and the 
decomposition of 1,2,3-triazine appeared to be occurring from this excited singlet state. 
The quantum yields of photodecomposition of 1,2,3-triazine were also found to 
be independent of the absorbed light intensity. This in variance of yield with light 
intensity is indicative of a single photon excitation photochemical process and also 
suggests that the decomposition of 1,2,3-triazine might be the primary process for the 
loss of the excitation energy in these experiments. The plots of optical density as a 
function of irradiation time during the photolyses exhibited an isosbestic point at 
-247 nm (e.g. , see Figure 6.6). An isosbestic point requires that a product be formed 
during the photolyses with the same molar absorptivity as 1,2,3-triazine at that 
wavelength. 187,188 The origin of the isosbestic point during the irradiations has been 
attributed to the product or one of the products whose absorptions bands became more 
obvious, especially in hexane, after long irradiation times (Figures 6.12 and 6.14). 
Although these bands were not very obvious in methanol solutions, it was noted that the 
228 nm band of 1,2,3-triazine decreased more slowly relative to the 288 nm band 
during the irradiation period. This confirmed the formation of a product with 
underlying absorption beneath the 1,2,3-triazine absorption bands. The underlying 
absorption appeared to have more effect on the shorter wavelength band of 
1,2,3-triazine. 
Acetylene, in the vapour phase, has a weak UV absorption band in the range 
247 to 197 nm and a stronger band with an intensity maximum at about 170 nm and 
extending beyond 200 nm. 189,190 The acetylene transitions are 7r*f-Tr and in methanol 
are expected to shift to longer wavelengths with changed transition intensities.44 The 
UV spectrum of methanol saturated with acetylene was measured. The spectrum shows 
a maxim urn at about 238 nm (Figure 6.18). The strength of this band, 
-1.7 L mol-1 cm-1, however is too weak to account for the observed absorptions at 
concentrations of the compound expected to be generated from the photolysis of 
1,2,3-triazine irradiated. The other product identified in the vapour phase photolyses, 
hydrogen cyanide, also has a weak absorption band in the range 170 to 200 nm. 191 ,192 
This is analogous to acetylene with which it is isoelectronic. This band will also 
experience a solvent red-shift but the shifts are not expected to be sufficient to overlap 
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the 1 ,2,3-triazine band. Thus, both acetylene and hydrogen cyanide though identified 
as photoproducts, were ruled out as possible species responsible for the underlying 
absorptions. 
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Fi gure 6.18. UV absorption spectrum of acetylene in methanol 
(Saturated solution, 10 cm cell) 
The subtle differences in the apparent photodecomposition behaviour of 
1,2,3-triazine in methanol and hexane seem mainly to emanate from the degree of 
interaction of the compound with molecules of the respective solvents. Thus, 
1,2,3-triazine readily dissolves in methanol and there appears to be a good interaction 
between the methanol proton and the lone pairs of electrons on the nitrogen atoms of 
1,2,3-triazine (6.1.2). On the other hand, 1,2,3-triazine has a low solubility in hexane 
and the interaction between the two molecules is not as high as that in methanol. It is 
noteworthy that these differences did not reflect on the quantum yield of decomposition 
of 1,2,3-triazine when irradiated in the two solvents. It is argued here that the 
product(s) giving rise to the bands distinctly observed in hexane were probably the 
same as those responsible for the underlying absorptions in methanol, but were 
obscured as a result of possible interaction with the more polar solvent. The presence 
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of isosbestic points on optical density vs irradiation time traces are indicative of a 
simple one-step reaction.187.188 
Another factor that needed to be considered when interpreting changes in the 
lower wavelength peak was the strong solvent absorption below 250 nm. In cells of 
10 cm pathlength, solvent absorption below 250 nm became significant, particularly for 
the undegassed solvents. The absorbances range from about 0.2 at 250 nm to more 
than 2.5 at 215 nm for the undegassed methanol and from about 0.1 at 250 nm to about 
1.7 at 210 nm for the degassed solvent (not corrected for background). For hexane the 
solvent absorption was approximately halved relative to methanol. No solvent 
absorption was observed in the 10 cm cells beyond 270 nm. Despite the use of solvent 
blanks in the reference beam which were expected to cancel solvent absorptions in the 
samples, there seemed to be considerable loss of instrumental sensitivity in determining 
the absorbances in the region below 230 nm. The convergence of the spectra below 
220 nm (e.g., in Figure 6.6) were due to this instrumental insensitivity in this region. 
Absorbance measurements of the short wavelength band were therefore not expected to 
give accurate quantitative estimates of 1,2,3-triazine or other product concentrations. 
The isolation of acetylene from methanol and hexane solutions, even at -80°C, 
was not quantitative due to the high vapour pressures of these solvents, hence absolute 
quantum yields for the formation of acetylene could therefore not be obtained in this 
work. Similarly, hydrogen cyanide, a photoproduct in the vapour phase, could not be 
isolated from the bulk solvent after photolysis due to its low vapour pressure at -80°C. 
Attempts to increase the temperature beyond this led to the volatilization of the solvents. 
6.4.3 Decomposition Mechanisms 
One possible pathway for the decomposition of 1,2,3-triazine on irradiation is 
by concerted photofragmentation involving no intermediates. The insensitivity of the 
photodecomposition quantum yields to changes in wavelength, light intensities and 
presence of dissolved oxygen all support this route as one of the decomposition 
mechanisms occurring during the photolyses. Such a fragmentation process is expected 
to produce acetylene, hydrogen cyanide and nitrogen (6.2.1). Among these products, 
acetylene was identified in the solution phase photolyses while both acetylene and 
hydrogen cyanide were obtained in the vapour phase. No analysis was conducted for 
the presence of nitrogen after the irradiation of 1,2,3-triazine in both the liquid and 
vapour phases. The observed isosbestic point, though consistent with a one step 
decomposition mechanism, is not confined entirely to this pathway since neither acetylene 
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nor hydrogen cyanide was responsible for the absorption bands observed in the UV 
spectra during the photolysis. 
~I ~ _____ h_v _____ ... C
2
H
2 
+ HCN + N2 II I 350 - 270 nm N, ~N 
N 
(6.2.1) 
[1] 
The observed products (acetylene and hydrogen cyanide) are also consistent 
with decomposition through biradical [5] or azete [6] intermediates (6.2.2, 6.2.3). 
The behaviour of the quantum yields with variations in the photolysis parameters, such 
as changes in solvent and the presence of oxygen do not, however, support a biradical 
mechanism. Azacyclobutadiene is unstable and if formed, is not expected to be detected 
within the time frame of product analysis in these experiments.178 Support for the 
hypothesis that an intermediate such as an azete or a biradical was not formed is further 
derived from the fact that one of the end products expected from such intermediates was 
not detected. An intermediate azete or biradical would also have undergone dimerization 
leading to the formation of diazocine [8] (Scheme 6.2). The ultimate product of the 
reaction sequence, pyridine [9], could have been detected by the UV scans since it is 
expected to be stable at most wavelengths of irradiation of 1,2,3-triazine. The thermal 
formation of acetylene and hydrogen cyanide through a biradical or an azete intermediate 
also appear to be less energetically favourable, from Woodward-Hoffmann's orbital 
symmetry rules, than a concerted decomposition mechanism. 193 Photochemical 
excitation could however alter the energetics of the various reaction pathways. 
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Scheme 6.2. Formation of pyridine through an azete or a biradical intermediate. 
The electron impact mass spectrum (EI-MS) of 1,2,3-triazine shows that 
the most abundant ion (the base) peak is at 25 (C2H+), with other significant fragment 
ions at 53 (M+ - N2), 52 (C3NH2 +), 27 (HCN+) and 26 (C2H2 +). The molecular ion 
peak, 81 (M+), appeared relatively weak, suggesting that the molecule readily 
fragments to acetylene, hydrogen cyanide and nitrogen on electron impact. Similar 
fragmentation patterns have been observed during flash vacuum thermolysis (FVT) of 
substituted 1,2,3-triazines to yield an alkyne, a nitrile and nitrogen. ISS 
The unidentified products which gave rise to the observed bands during the 
photolyses suggests that concerted triple fragmentation is not the exclusive pathway for 
the photodecomposition of 1,2,3-triazine. The bands could arise from final products 
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and/or fairly stable intermediates. The gradual disappearance of the bands with 
continuing irradiation of the 1,2,3-triazine suggest that these products are also photo-
labile in the near UV region. All efforts made to isolate and identify the species failed 
hence their formation mechanism could not be reasonably rationalized in the present 
studies. Until the identity of these bands are confmned and the mechanism of their 
formations become well-formulated, the isosbestic point assigned to the convergence of 
the spectral traces at 246 nm remains tentative. 
The different photolytic behaviours observed on the irradiation of the methanol 
solutions at A ~ 290 and A > 290 nm may denote different reaction mechanisms, or the 
excitation of different states of 1,2,3-triazine. From the detailed analysis of the UV 
spectra of 1,2,3-triazine (see next Chapter), it is revealed that the 295 run transition is 
higher than the lowest excited singlet state. The long wavelength tail of this band 
overlaps a weaker transition, presumably the fIrst singlet state, at about 325 run. Thus, 
as the wavelength of irradiation increased beyond 290 run, most photodecomposition 
appeared to occur from the the fIrst excited singlet state while below 290 nm, photo 
reaction occurred predominantly from a higher excited singlet state. A significant 
wavelength dependent decomposition quantum yield would have given more credit to 
this possibility of different electronic excitations. 
Although no photolysis of the parent 1,2,3-triazine has been studied prior to 
this work, irradiation of the substituted monocyclic compounds has been carried out by 
different groups.176,179,184 In most cases, nitrogen, a nitrile and an alkyne were 
detected. In agreement with some of the results of the present studies, trimethyl-l,2,3-
triazine [10] gave only 2-butyne, acetonitrile and nitrogen. 179 A search for an azete 
intermediate, even at low photolysis temperatures of -50 °C, gave negative 
results (6.3.1,6.3.2). Also, pyrolysis of 4,5,6-trimethyl- or 4,5 ,6-triphenyl-I,2,3-
triazine gave mainly nitrogen, a nitrile and an alkyne. No azetes could be 
detected. 179,194,195 
A MeC"'" CMe + N2 + MeCN 
Me II ~(e ____ 
J'N.,rN - /~ _ Me
pNi 
Me 
[10] Jl-W 
Me 
(6.3.1 ) 
(6.3.2) 
[11 ] 
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A similar attempt to prepare trimethyl azete [11] by matrix photolysis of 
trimethyl-l,2,4-triazine [12] failed (6.3.3, 6.3.4). Only 2-butyne, acetonitrile and 
nitrogen were reportedly forrned. 178 
Mey:rN)Me ~MeC==CMe + N2 + MeCN 
Me~N/ -;~ Me
ONI 
Me 
[ 12] 
Me 
(6.3.3) 
(6.3.4 ) 
[11 ] 
On the contrary, fluorinated azetes [14] were reported trapped during low-
temperature photolysis of fluorinated 1,2,3-triazines [13] (Scheme 6.3).184 Also, 
benzazetes [16] were isolated, under special circumstances and in few cases, when 
1,2,3-benzotriazines [15] were pyrolysed in the vapour phase (Scheme 6.4).194,196 
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Scheme 6.3. Photodecomposition of trifluoro-l,2 ,3-triazine. 
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Scheme 6.4. Pyrolysis of 4-phenyl-1 ,2,3-benzotriazine through a benzazete 
intermediate. 
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s-tetrazine [19] is one of the unsubstituted azines whose photochemistry in 
solution, vapour and host crystals has been extensively studied.1Sl -1S3,197,19S A 
consensus, however, is yet to be reached on the mechanism of decomposition even 
though it is widely accepted that the photoproducts are hydrogen cyanide and nitrogen. 
When photolysed in hexane at room temperature, s-tetrazine was found to dissociate 
into two molecules of hydrogen cyanide and nitrogen from the lowest excited singlet 
state. By contrast, dimethyl-s-tetrazine was found to be stable when irradiated under 
the same conditions in hexane (Figure 6.19). In argon matrix, both s-tetrazine and 
dimethyl-s-tetrazine decomposed to nitrogen and hydrogen/methyl cyanide.1Sl These 
products have also been suggested to be formed through concerted reactions 
(6.4.1).lS2,199 Photolysis carried out in organic crystal matrices, lS1 ,197 however, 
indicate a sequential two photon absorption process. Molecular beam time-of-flight 
photofragmentation experiments have lent support to this postulated dissociation 
mechanism. 19s The process has been interpreted as a photodecomposition mechanism, 
for the s-tetrazine ring, in which a transient species, most probably [21] , that is 
presumably thermally unstable at room temperature, decomposes to the observed 
products (6.4.2).200 Some parallel behaviours are apparent between the 
photodecomposition of s-tetrazine and those observed for 1,2,3-triazine in this work, 
but these similarities are not conclusive since experimental attempts to determine the 
details of the photodissociation process in 1 ,2,3-triazine were not defInitive_ 
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Figure 6.19. The solution photochemistry of the tetrazines. (a) The absorption 
spectra of s-tetrazine in hexane before irradiation and after 18 h of 
irradiation with Xe lamp filtered so that').. > 450 nm. (b) The solution 
spectra of dimethyl-s-tetrazine before and after 20 h of irradiation with 
the same filtered Xe lamp. (Figure from Burland et. al. iBi J. 
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6.5.4 Shifts in Amax during Photolysis in Hexane 
The observed gradual shift of Amax from ~ 295 to -280 nm when solutions of 
' anhydrous ' 1,2,3-triazine were irradiated with incident light of A > 295 om, parallels 
the spectral changes noted when 1,2,3-triazine absorbs some water vapour. These 
changes could be explained in one or both of two possible ways. Firstly, it is possible 
that some traces of the hydrated form of 1,2,3-triazine [2] were present in the solutions 
even though they were presumed to be purely anhydrous. On irradiation at 
A > 295 nm, the anhydrous form would be preferentially destroyed since its spectrum 
is shifted to this region relative to the hydrated complex. As the anhydrous compound 
disappeared, the submerged absorption band of the hydrated compound became more 
apparent hence the gradual blue-shift in Amax' The same reasoning could also be 
applied to the observed spectral changes in the other situations; e.g. , when the 
anhydrous form is excited at A < 290 om, the hydrated form would more likely be 
decomposed resulting in the dominance of the anhydrous form and a red-shift in Amax 
as observed (Figure 6.13). In each case, both species of the compound appear to be 
undergoing photolysis, differing only in the relative rates of decomposition which are 
dependent on the wavelength of irradiation. 
Detailed stability studies of monocyclic 1,2,3-triazines in water, aqueous acids 
or bases have not been conducted but from the reaction conditions used in the 
preparation of 1,2,3-triazine (by oxidation of N-aminopyrazoles), the compound is 
expected to be stable to water at least for a short period of time. It has however been 
observed that the compound is so tr-deficient that it is readily attacked by 
n ucleophiles. 63 It is therefore possible that in addition to the formation of the 
hydrogen-bonded complex, a direct attack of water on one of the tr-deficient carbon 
atoms occurs leading to the formation of the intermediate [4] ; Scheme 6.1. Such an 
attack could be facilitated by the photo-excitation of the molecule. The formation of [4] 
during irradiation would also lead to blue-shifts in the spectra, though these shifts 
would be expected to be larger than those due to the hydrogen-bonded complex. The 
re-arrangement of the dihydro compound (Scheme 6.5) would lead to ring opening 
products which may include 3-amino-2-propenal [22] and nitrogen. The occurrence of 
this reaction sequence during the photolysis is only speculative since acetylene was the 
only product identified unambiguously. 
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Scheme 6.5. Formation of products through ring opening of dihydro-l ,2,3-triazine. 
The involvement of water molecules in reactions of the excited singlet states has 
been observed in the phototransformation of 3-nitrophenol in aqueous solution.201 The 
formation of resorcinol [24] from an excited 3-nitrophenol [23] was interpreted on the 
basis of a heterolytic mechanism involving a similar attack of a water molecule on the 
tr-deficient carbon of the excited molecule (65.1). 
* OH 
r& bv. l8.JN02 
[23] 
(65.1) 
[24 ] 
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The susceptibility of 1,2,3-triazine to attack by water molecules appears to be a 
common trait of the triazine ring system. Symmetrical triazine [1,3,5.isomer, 25] 
though quite stable and aromatic in character, is readily attacked by nucleopbiles and 
rapidly decomposed by water. The reaction leads to a highly symmetrical intermediate 
[26] in which the negative charge is distributed over the three nitrogen atoms, and thus 
greatly stabilized (6.5.2).202 
ring 
opening. etc fi 'd 
• ormarm e (6.5.2) 
A similar behaviour was observed by Paudler for a solution of 1,2,4-triazine 
[27] in trifluoroacetic acid. On addition of water, a new species was rapidly generated, 
the amount of which was directly proportional to the quantity of water present. The 
1 H NMR spectrum was interpreted in terms of structure [28] (6.5.3), formed by 
covalent addition of water to the N(4)-N(5) bond of 1,2,4-triazine. An N(2)-C(5) 
addition would lead to the alternative possible structure [29]. Addition of base to the 
acidic solution regenerated 1,2,4-triazine quantitatively but attempts to isolate the 
hydrated species failed.203 
HotN~ (H) (N~+ F3CC02H OR Ho{N~ (6.5.3) H2O .. 
~ N base ~ N ~ /NH N ........ N ........ N 
[27] [28] [29] 
Less likely 
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6.6 CONCLUSIONS 
This study has shown that unsubstituted 1,2,3-triazine readily undergoes 
photolysis at wavelengths between 270 and 350 run. The photodecomposition yields 
among other products, acetylene and hydrogen cyanide. These products are rationalized 
to be formed through a simple fragmentation process. The detection of other bands in 
the UV spectra during the photolyses, however, suggests that a concerted dissociation 
may not be an exclusive decomposition pathway for 1,2,3-triazine. 
The photodecomposition quantum yields in solution are high and were found to 
be independent of wavelength, incident light intensity, presence of dissolved oxygen as 
well as solvent. The apparent differences in behaviour observed when 1,2,3-triazine is 
irradiated in hexane and methanol have been attributed to the degree of interaction of the 
molecule with the solvents. In methanol, this interaction appears to be very strong 
while in hexane, less interaction is expected. A major problem during the photolysis 
was the influence of trace amounts of water on the hexane solutions and the effect on 
the appearance of the UV spectra. 1,2,3-triazine has been found in this work to be 
hygroscopic hence consistent results demanded diligent handling to ensure minimal 
exposure to the atmosphere. Enormous time was spent in sorting out the spectra in 
hexane for the categorization of levels of hydration. Further work is needed to identify 
the other photolysis products detected in this work, but not identified, to enable a faifly 
complete picture of the photodecomposition process. Also the possible complexes of 
1,2,3-triazine with methanol and water need to be investigated and the equilibria in 
equations (6.1.1) and (6.1.2) characterized. 
CHAPTER 7 
THE ELECTRONIC SPECTRUM OF 1,2,3· TRIAZINE 
SUMMARY 
UVNis absorption spectra of 1,2,3-triazine have been recorded in 
n-hexane, cyclohexane and methanol. The lowest energy transitions 
have been photographed in the vapour phase. The spectrum in hexane 
reveals an overlap of two closely spaced transitions. A very weak band 
(f -5.4 x 10-4) around 28600 cm-l has been assigned to an electric 
dipole forbidden 1C*~n (lA2~lAl) transition. This band exhibits an 
ill-defined vibrational structure. Superimposing this weak transition is a 
band of medium intensity (f = 0.022) with maximum at 33900 cm-l in 
hexane. This has been assigned to a symmetry allowed 
1C*~n (lBl~lAl) transition. 
A band at 43 500 cm-l shows virtually no solvent shift and has 
been attributed to the lowest energy 1C*~1C transition in analogy with the 
spectra of other nitrogen heterocycles. This assignment is complicated 
by a possible overlap with a predicted forbidden transition, 
1C*~n (lA2~lA 1> -44 300 cm-l ), that could become partly active due 
to distortion of symmetry by vibrational interaction. 
The vapour phase spectrum of the first 1C*~n (-28600 cm-l) 
system is characterized by a few discrete narrow vibrational bands. 
These are followed towards shorter wavelengths by bands of rapidly 
increasing widths lying on a background of rising absorption intensity. 
The band origin is identified at 24870 cm-l. This is probably a 
vibronically induced origin. The band structure gave no consistent 
patterns, hence totally-symmetric progression-forming vibrations could 
not be assigned. 
7.1 INTRODUCTION 
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Although 1,2,3-triazine was first synthesised in 1981,50 only the strong 
features of the solution phase UVNis absorption spectrum have been reported.5o.6l No 
detailed studies of the electronic spectrum have been undertaken. This contrasts 
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strongly with the electronic spectrum of the symmetric analogue, s-triazine, which has 
been extensively studied.204,2o5 The UVNis spectrum of 1,2,3-triazine is of great 
interest since compared to the diazines, there appear to be more than one n*~n 
trimsitions.206-2o9 These transitions involve the promotion of non-bonded electrons 
(lone pairs) of the nitrogen atoms to the normally vacant n* (anti-bonding) 
orbitals.210,2 11 The assignment of the lowest lying transitions of the azabenzenes to 
n*~n origin is now generally accepted,212 though a few exceptions have been 
noted.213 These transitions are characterized by a shift to higher energy (blue-shift) in 
moving from non-polar to polar protic solvents due to the stabilization of the lone pairs 
of the nitrogen atom by hydrogen bonding.210,211 
The azabenzenes (see Chapter 5, Figure 5.1) are isoelectronic with each other 
and the parent molecule benzene and are therefore well-suited for investigating the mr:* 
and n1T:* interactions. Like the other azaaromatics, the introduction of nitrogen atoms in 
1,2,3-triazine is expected to perturb the n*~n absorption of the benzene ring system, 
as a result of the greater electronegativity of the nitrogen atoms relative to the carbon 
atoms. The electronic spectrum of benzene is well-established,44,2 14,2 15 so extra 
features arising from the nitrogen substituents should be easily characterized. The 
unique molecular structure of 1,2,3-triazine, the only monocyclic azabenzene 
synthesised so far with three adjacent nitrogen atoms, presents an attractive model for 
furthering the understanding of the spectroscopic and other electronic properties of this 
group of molecules. 
This chapter presents basic studies of the electronic spectrum of 1,2,3-triazine. 
UVNis absorption spectra of 1,2,3-triazine were recorded in n-hexane, cyclohexane 
and methanol. Bands corresponding to the longest wavelength transitions have been 
photographed in the vapour phase. The experimental spectra have been analysed in 
correlation with theoretical predictions based on the semi-empirical CNDO/S-CI 
calculations on the molecule by Wormell et al. 216* 
7.2 MOLECULAR ORBITALS AND ELECTRONIC STATES OF 
1,2,3-TRIAZINE 
X-ray diffraction and crystallographic analyses have shown that the 
1,2,3-triazine molecule in its ground state is planar61 ,62 and belongs to the C2v point 
group. The structure of the molecule together with the axes are shown in Figure 7.1 . 
*1 am grateful to Dr. Paul Wormell and colleagues, of School of Science, Univer~ity of West~rn 
Sydney, Hawkesbury, Australia, for providing the results of their CNDOIS-C1 calcuJauons to me poor 
to publication. 
x-" 
, 
, 
z 
J_-y 
(b) 
Figure 7.1. 1,2,3-Triazine (a) and molecular axes (b). 
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The interactions of the CT-type n-orbitals (nitrogen lone pairs) through space are 
shown in Figure 7.2. The resulting three molecular orbitals have been described in the 
form n+(al) = nl + 3/2n2 + n3, no(b2) = nl - n3, n_(al) = nl - 2n2 + n3 .217 These 
wavefunctions are however not normalized and may not properly describe the charge 
distribution in the orbitals. The CT-orbitals are also expected to possess some 
contributions from the other orbitals such as the C-C and C-H sigma bonds, though 
these should be small compared to those contributed by the lone pairs. Ab initio 
molecular orbital energy calculations217 place the n+ molecular orbital as the lowest in 
energy followed by the orbitals no and n_, which lie very close to each other. 
Figure 7.2. Schematic representation of the interaction of the crtype n-orbitals 
(lone pairs) in 1,2,3-triazine. 
The more recent semi-empirical CNDO/S-CI calculations carried out by 
Wormell et al.216 predict the orbital and transition energies, wavelengths, oscillator 
strengths (j) and polarization of the transitions (Table 7.1). Their calculations confIrm 
that the n+ orbital is the lowest, while no and n_ are similar in energy (Figure 7.3). 
Consequently, the two lowest wf-n transitions are expected to be close to each other. 
1 
o 
-1 
--- (5a2)n* 
--- (4b1)n * 
Energy (eV) 
CNDO/S-Ct ab initio t 
-11 
--- (3b1)n --- (3b 1)n 
--- (2a2)n 
--- (b2)no 
--- (a1)n_ 
--- (a1)n_ = ......... 
'. ......... (b2)no , 
'. (2a2)n 
-12 
-13 
-14 
-IS 
The orbital energies are based on 
#CNDO/S-CI calculations by Wonnell et at. 216 
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tAb initio calculations at e 6-31 G* / 6-31 G level, by M6 et al.217 
Figure 7.3. Calculated orbital energy diagram for 1,2,3-triazine. 
Table 7.1 
Theoretical predictions of the 1t""t-n and 1t""t-~ transition frequencies of 
1 ,2,3-triazine and their assignmentsa 
Band energyb 
cm-l 
29900 
31 200 
36500 
43000 
44300 
51600 
Oscillator strength 
f 
0.022 
0 
0.0015 
0.0004 
0 
0.073 
Band type 
(4b l )7r*t-n_ 
( 4bl )7r*t-no 
(5~)1t""t-no 
7r*t-~ 
(5~7r*t-n_ 
7r*t-~ 
aData from Wonnell et al.216 hcNDo/S-CI based on X-ray crystal geometry. 
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The ground state electronic configuration of the nitrogen lone pair electrons in 
1,2,3-triazine is n+(al)2n_(al)2no(b2)2, resulting in an IAI state. The anti-bonding (7r*) 
orbitals should be comparable to those of other azabenzenes with the three lowest 
unoccupied orbitals having the symmetry b l (~4*) .. a2(~5*) and b l (~6*) ' The lowest 
excited states would be obtained by promoting an electron from the lone pair al or b2 
orbitals to a vacant anti-bonding 7r* orbital, which may be of species a2 or b l . This 
gives rise to twelve possible excited states. 
--- n+(al)2n_(al)2no(bv~5*(a2) 
--- n+(al)2n_(al)2no(b2)~4*(bl) 
--- n+(al)2n_(al)no(b2)2~5*(~) 
--- n+(al)2n_(al)no(b2)2~4*(bl) 
--- n+(al)n_(al)2no(b2)2~5*(a2) 
--- n+(al)n_(al)2no(b2)2~4*(bl) 
3.IB I 
3.IA2 
3.IA2 
3.IB I 
3.IA2 
3.IB I 
* 
* 
* 
Only transitions to the singlet states marked by asterisks would formally be allowed by 
electric-dipole selection rules. High energy transitions involving the lowest [n+(al )] 
molecular orbital are normally not observed in the UV Nis region, though they may 
occur in the vacuum UV. Each of the allowed transitions is expected to be polarized 
perpendicular to the plane of the molecule, as is characteristic of 7r*t-n transitions. 
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7.3 EXPERIMENTAL DETAILS 
The preparation and purification of 1,2,3-triazine have been described in 
Chapter 2, along with experimental conditions and instrumental settings for the spectral 
acquisitions. Solution phase spectra were recorded in n-hexane, cyclohexane and 
methanol in 10 cm pathlength cells using the Shimadzu and Cary UV/Vis 
spectrophotometers. The slit width of the Cary spectrophotometer was maintained at 
0.2 nm. 
The vapour phase spectra of 1,2,3-triazine were acquired using the White- type 
multi-pass cell and the first-order of the 3.4 m Jarrell-Ash Ebert Spectrograph with a 
grating of 590 grooves/mm, blazed at 4000 A. The maximum resolving power actually 
observed was nearly 50 000. The Spectra were recorded at the saturated vapour 
pressures of 1,2,3-triazine at temperatures between 295 and 318 K. Pathlengths of 
216 m or above were needed before 1,2,3-triazine absorptions could be detected. 
Wavelength calibration of the spectrographic grating was performed with an iron 
hollow-cathode lamp. The continuous background for the absorption spectra was 
provided by an Osram high pressure xenon arc-lamp with a 450 W power rating. The 
intensity of the xenon arc continuum slopes upwards towards the longer wavelength 
without any discrete emission lines below 430 nm. Tracings of the spectra were 
recorded with a Joyce-Loebl Mark mc double-beam microdensitometer and the Apple 
Macintosh image analyser. 
7.4 RESULTS 
7.4.1 Absorption Spectra in Hexane and Methanol 
The UVNis absorption spectra of 1,2,3-triazine in n-hexane and methanol are 
shown in Figures 7.4 and 7.5 respectively. The spectrum in cyclohexane is very 
similar to that in n-hexane. Three band systems are clearly revealed in the hexane 
spectrum. The lowest energy transition, which is observed at about 28 600 cm· t , 
consists of several weak bands. These bands are superimposed on a rising background 
absorption caused by the onset of a second and stronger system. The first band system 
exhibits some trace of vibrational structure, but this is ill-defined, so not much 
information can be derived from it. The oscillator strength of this band could not be 
precisely evaluated as a result of the overlap with the stronger second band system, but 
it is estimated in this work to be around 5.4 x 104 . This lowest energy transition was 
absent in the spectrum recorded in methanol. 
~ 
C,J 
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Figure 7.4. UVNis absorption spectrum of 1,2,3-triazine in hexane. 
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The second transition is very broad and appears to be the principal absorption 
band in the region under investigation. Its wavelength of maximum absorption is 
located at 33900 cm-l in hexane. This band undergoes a blue-shift in methanol where 
the maximum occurs at 34 700 em-I. The molar absorptivity (Emax) in hexane and 
methanol were 650 and 950 L moP cm-I respectively. The corresponding oscillator 
strengths evaluated from the integrated band areas were 0.022 and 0.024 respectively. 
The third band system has its maximum absorption at about 43 500 cm-l in 
both solvents. A notable characteristic of this band system is its well-resolved broad 
features, especially in hexane. The following features of the band are discernible; 
42000 (shoulder), 42 900, 43 700 (peak) and 44 300 cm- l (shoulder). The oscillator 
strengths evaluated from the integrated intensity over the entire transition band were 
about 0.004 and 0.005 in hexane and methanol respectively. 
The observed electronic transitions and their intensities in terms of the 
molar absorption coefficients and oscillator strengths are presented in Table 7.2. 
Included in this table are the assignments of the transitions deduced from factors 
discussed in later sections. The oscillator strengths were calculated from the usual 
formula: 218 
f = 4.315 x 10-9 SEdU 
where I =S Edu, the experimental integrated intensity. 
The integrated band intensities were evaluated by measuring the areas under the 
absorption eurve of the respective transitions, on a spectrum plotted with linear axes in 
wavenumber (abscissa) and molar absorptivity (ordinate) (Figure 7.6). 
Table 7.2 
Observed transition energies and approximate intensities in the electronic 
spectrum of 1,2,3-triazine 
H~xane solgtiQn Methanol solution 
Band energy Intensity· Band energy Intensity· Band type 
cm-l Emax f em-I Emax f 
28600 5.4 x 10-4 n*~n 
33900 650 0.022 34700 950 0.024 n*~n 
43500 250 0.004 43500 450 0.005 n*~n 
\max in L mor l cm-l 
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Figure 7.6. UVNis spectrum of 1,2,3-triazine plotted on t vs wavenumber 
coordinates. 
7.4.2 Solution spectra in the presence of water 
As reported in Chapter 6, it was observed that 1,2,3-triazine is hygroscopic, 
absorbing water from the atmosphere. This led to a blue-shift of -1200 cm-l from the 
principal absorption maximum at 33 900 cm- l , in hexane. Very little effect was 
however observed in methanol. These observations were further explored by recording 
spectra in hexane saturated with water. This resulted in a maximum blue-shift of 
1820 cm- 1 in the 33900 cm- l band system, a complete blurring of the vibrational 
structure of the 28 600 cm-l band, and an overall decrease in the intensity of the 
bands. The position of the 43 500 cm-l band system did not alter in the presence of 
water. 
In the case of the methanol solution, spectra were recorded in the presence of 
various amounts of water [-5 - 40% (v/v)]. The addition of water did not have much 
effect on the positions of the band maxima, but the intensities of the bands also 
gradually decreased. These decreases in intensities were, however, not as pronounced 
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as those observed in hexane. These effects were rationalized in tenus of hydrogen bond 
formation between the water and methanol protons and the lone pairs of the nitrogen 
atoms of 1,2,3-triazine. In the case of water, hydrolysis leading to ring opening of 
1,2,3-triazine could also accompany the fonuation of a hydrogen-bonded complex. The 
lone pairs on the nitrogen atoms, in the ground state, are more stabilized in methanol 
than in hexane accounting for the observed differences in behaviour in the presence of 
water. The formation of hydrogen-bonded complexes between 1,2,3-triazine and the 
polar protic solvents (water and methanol) and a hydrolysis mechanism that results in 
opening of the ring have been treated in details in Chapter 6 (Section 6.3.4). Due to 
complications arising from the uptake of water, 1,2,3-triazine solutions were prepared 
in methanol and hexane rigorously dried with molecular sieves, type 4A, and some 
spectra were recorded in the presence of anhydrous sodium sulphate. These methods 
proved effective in removing most of the water in the solutions. These results 
demonstrate need for caution while handling 1,2,3-triazine at ambient conditions. 
7.4.3 Vapour Phase Spectra 
The vapour phase spectra of 1,2,3-triazine between 24 850 and 29 760 cm-l are 
shown in Figures 7.7a-c. These figures are microdensitometric traces from one of the 
photographic plates. Only the long wavelength tail of the fust 7r*~n transition 
(- 28600 cm-! in hexane) of 1,2,3-triazine was amenable to vapour phase UV measurement in 
this work. Adequate care was taken to ensure that very pure samples of 1,2,3-triazine 
were used for the absorption measurements since traces of highly absorbing impurities 
were capable of significant absorption at the patblengths used. Samples were subjected 
to several trap-to-trap vacuum distillations and the FTIR spectra showed no traces of 
impurity. Although the spectra were generally weak with poor signal-to-noise ratio, 
they were reproducible. The vibrational bands marked in the figures were selected on 
the basis of their reproducibility on the original photographic plates. Bands of 
comparable intensities that were not selected were not found to be consistent in all the 
spectrographic plates and were believed to be due to artefact(s) introduced during the 
handling and processing of the plates. At the time these spectra were recorded, the 
personal computer interface with the instrumentation was not functional hence no 
digitalized data were stored. This prevented spectra averaging which could have 
reduced the signal-to-noise ratios. 
The spectra are characterized by a few distinct narrow vibrational bands with an 
apparent origin at 24870 cm-l. These are followed towards the shorter wavelengths 
by bands of rapidly increasing widths lying on a background of rising absorption 
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intensity. Fine structures were not resolved in this measurement so only vibrational 
band centres or maxima were recorded. Attempts to extend the vapour phase spectra 
towards the blue region by photographing the 33 900 cm-l band system observed in 
hexane proved unsuccessful, even at the minimum limit of the cell absorbing path of 
twelve metres. On each occasion, the spectrum became highly diffuse from 
-29680 cm-l and the incident light was completely absorbed beyond 32260 cm-l . 
Absorption spectra of 1,2,3-triazine were also recorded at temperatures 
between 303 and 318 K in an attempt to increase the vapour pressure. The spectra 
obtained at these elevated temperatures were no better than those measured at room 
temperature. Beyond 318 K, 1,2,3-triazine decomposed rapidly in the cell and no 
spectra were obtained. 
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Figure 7.7a. MicrodensitometIic tracing of the photographic spectrum of 1,2,3-triazine 
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Figure 7.7b. Microdensitometric tracing of the photographic spectrum of 1,2,3-triazine 
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7.5 DISCUSSION 
7.5.1 Solution Spectra 
The lowest-lying band at -28 600 cm-1 is assigned to an n*~n transition. 
This band did not display any distinct Franck-Condon maximum, indicating an overlap 
with a slightly higher energy allowed transition. The band's absence in methanol is 
probably due to a blue-shift, where it may have been completely superimposed by the 
more intense second band system. The observed oscillator strength for this transition 
(f -5.4 x 10-4 ) is characteristic of a symmetry forbidden transition, 
(4bl)n*~no(lA2~lA1)' stealing intensity from the allowed 1B1 transition through 
vibronic coupling. The vibrational structure of the system in hexane is ill-defined and 
not much information can be derived from it. The spectra photographed in the vapour 
phase consist essentially of this band system. 
The broad band with Amax at 33 900 cm-1 in hexane is also assigned to an 
n*~n transition. The significant blue-shift of the band in methanol and in the presence 
of water supports this assignment. The band also exhibits a considerable hyperchromic 
effect in methanol, further justifying its n*~n character. The measured large band 
width of -7700 cm-1 (width of band at half-height of the maxima) in hexane is a 
characteristic feature of the principal n*~n bands of the e2v azines (pyridazine and . 
pyrimidine) .212 From the intensity of the band, at least one allowed n*~n transition 
must be involved. The measured oscillator strength of 0.022 in hexane compares 
favourably with theoretical predictions216 and suggests that it may be the allowed 
(4b1)n*~n_(lB1~lA1) transition. Attempts to photograph this band in the vapour 
phase, even at the lower limit of the instrument's patblength of twelve metres, failed as 
a result of its diffuseness and strong absorption. Reducing the pressure was not found 
practicable since the saturated vapour pressure of 1,2,3-triazine was below 10-3 torr. 
Experimental attempts to record this band in the vapour phase using 10 cm cells also 
proved unsuccessful. No signals were observed at room temperature due to the very 
low vapour pressure of 1,2,3-triazine. A vapour phase measurement of this band 
would require an optimum pathlength at which the saturated vapour pressure of 
1,2,3-triazine yields measurable signals. The transition moment of the origin band is 
expected to be perpendicular to the molecular plane. 
A third broad absorption band was observed around 43 500 cm-I . This band, 
in hexane, was found to possess some well-resolved broad structure. It shows virtually 
no solvent shift and has been assigned to the lowest singlet n* ~ n transition. 
Analogous bands have been observed and assigned similarly in the spectra of benzene 
and other nitrogen heterocycles.44,152.219 The band is relatively weak with an oscillator 
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strength of -0.004 in hexane. Though it is suggested to be a symmetry allowed IA I 
state, the IB2 state is also a possibility. Calculations216 place a transition at 43000 cm·1 
with an oscillator strength of 0.0004. This, however, is inconsistent with the intensity 
of the observed band at 43 500 cm-I. There is a possibility of an overlap between the 
transition observed around 43 500 cm-I and a forbidden one, (5al)n *f-n_(IA2f-IA I), 
as predicted by theory at about 44 300 cm-I. A distortion of the molecular symmetry as 
a result of vibronic interaction could make this transition partly allowed. A firm 
conclusion as to the origin of the band at 43500 cm- l, a choice between the n*f-n and 
n*f-n_ bands predicted by theory, at 43000 and 44 300 cm-l respectively, will have to 
await further investigation. 
Spectra were also scanned in the frequency region below 25 000 cm-I in 
10 cm pathlength cells with highly concentrated (-x 10-3 M) hexane solutions of 
1,2,3-triazine to explore the possibility of other lower-lying transitions. No absorbance 
above 0.001 was detected in this region under these conditions. 
7.5.2 Vapour Phase Spectrum (28 600 cm-], n*f-n region) 
As seen in Figures 7.7a-c, the vapour phase spectra are not subject to 
conclusive interpretations but the marked vibrational bands and some of the other 
features were reproducible and deserve some comments. As mentioned earlier, the 
assigned vibrational bands were selected on the basis of their consistency on the original 
photographic plates. Based on the purity of the samples used for this work, they are 
believed to be genuine vibrational bands of 1,2,3-triazine. Bands of comparable 
intensity that were found not to be reproducible have been ignored since their origin was 
in doubt. The spectrum is characterized by a few discrete narrow vibrational bands 
followed towards shorter wavelengths by bands of rapidly increasing widths lying on a 
background of rising absorption intensity. The observed bands have been assigned to 
one system, the forbidden (4bl)n*f-no(lA2f-lAI) transition, with the broad bands at 
higher energies being associated with possible predissociation of the molecule. The 
broad vibrational bands and diffuseness at higher energies could also be due to vibronic 
interaction between this band and another underlying state. This interaction, possibly 
with the state producing the second band system, may account for the rising 
background of the transition without a deftnite maximum. Comparison of the traces 
with the spectrum in hexane suggests that the band at 24 870 cm-l is the origin of the 
weak transition observed around 28 600 cm-I in solution. This is probably a false 
origin with a vibronically-induced intensity. The absorption tail and the origin band 
were not detected in solution due to their very weak features. Use of the long path s 
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derived from the multi-pass cell enhanced the detection of the absorbances in the vapour 
phase spectra. 
The observed energies of the vibrational bands are presented in Table 7.3. The 
frequencies refer to vacuum wavenumbers. Included in the table are the differences 
between these bands, their overtones and combinations, and the assigned origin. 
These differences are significant as they should correspond to the ground state 
fundamental vibrational frequencies normally observed in the infrared and Raman 
spectra of the molecule. The ground state vibrational bands of 1,2,3-triazine have been 
discussed in Chapter 5 based on IR and Raman spectroscopic measurements. There are 
eight totally symmetric (at) fundamental vibrations. Two of the eight are carbon-
hydrogen stretching modes and are likely to be of minor importance in the excited state 
spectrum. Five of the remaining six have been assigned to ring modes and they range 
in frequency from 660 to 1336 cm-t • The remaining vibration around 1597 cm-1 was 
assigned to a carbon-hydrogen in-plane bending mode. Secure assignment of the six 
totally-symmetric frequencies to the bands observed in the excited state would be 
premature at this stage. The band system exhibits no consistent pattern to identify any 
progression forming vibrations. The tentative assignments in Table 7.3 have been made 
only on the basis of proximity to the established ground state frequencies. Highly 
resolved spectra revealing sharp vibronic structures and crystal pectra yielding good 
polarization axes are needed to secure the assignments. The vibrational intervals in 
the vapour spectrum will typically be lower in energy than the ground-state values. 
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Table 7.3 
Wavenumbers and tentative assignments in the IA2f- 1A1(n*f-n) system 
of 1,2,3-triazine in the vapour 
wavenumber ('u)* {)-24870# Assignment ,1t 
cm-l cm-l 
24870 0 origin 0 
. 25060 190 190 0 
25290 420 420 0 
25470 600 600 (v6J 0 
25560 690 690 0 
25600 730 730 0 
25670 800 800 0 
25680 810 810 0 
25840 970 970 (v9J 0 
25890 1020 1020 (VI) 0 
25900 1030 1030 (vd 0 
26300 1430 810 + 600 -20 
26380 1510 810 + 730 30 
26500 1630 2 x 810 -10 
26780 1910 2 x 600 + 730 20 
27100 2230 2 x 810 + 600 -10 
27200 2330 2x81O+730 20 
27290 2420 3 x 810 10 
27630 2760 2x970+810 -10 
27840 2970 2 x 970 + 1030 -5 
27950 3080 3 x 1030 0 
28050 3180 
28300 3430 
28400 3530 
28570 3700 
28740 3870 
28960 4090 
29410 4540 
29510 4640 
*Estimated error in the initial frequencies is about ± 5 cm-l and increases towards higher 
frequencies as the vibrational envelope becomes broader. 
lPr"he indeterminate rising background absorption excludes reasonable categorization of the 
relative intensities of the bands. 
t t'!. = t'!. v (assigned) - t'!.v (observed). 
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7.6 CONCLUSIONS 
The electronic spectrum of 1,2,3-triazine in solution and in the vapour phase 
has been recorded and analysed. The condensed phase spectrum consists of three 
transitions, which have been assigned to an electric-dipole forbidden 1r* ~ n 
(28 600 em-I), an allowed 1r*~n (33 900 em-I) and a 1r* ~1r (43 500 em-I) 
transition. The vibrational structures in the vapour phase spectrum have been analysed 
within the framework of a single electronic transition and represent the long wavelength 
tail of the flrst band system observed in solution. An apparent origin for this band has 
been assigned at 24 870 em-I . The broadening and diffuseness of the vibrational bands 
at higher energies could possibly be associated with predissociation. The complexity of 
the spectrum may also arise from vibronic coupling with the next band system, which is 
of comparable energy and allowed. Some of the features in the UV spectrum of 
1,2,3-triazine are common to some of the other azines, e.g., s-triazine and are 
consistent with some of the expectations for a molecule in this c1ass.I52.2I9 
Further work is needed to reconcile the origin of the band at 43 500 cm-I with 
theoretical predictions. Highly resolved vapour phase spectra revealing sharp vibronic 
structures and crystal spectra yielding good polarisation axes are also needed for 
detailed characterization of the identified 7t*~n bands. 
CHAPTER 8 
CONCLUSIONS 
This chapter summarises the main findings of this work. The resuLts of 
the studies on PAN have been addressed with respect to the implications 
of the compound in the atmosphere. Most of the information obtained 
for 1,2,3-triazine have been correlated with similar data on the other two 
triazines. Areas of potentiaL importance for the direction of future 
research activities have been pointed out. 
8.1 GENERAL DISCUSSION 
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Thermal and photochemical reactions along with IR and UV measurements 
have given further insight into the chemical stability as well as physical properties of 
PAN, simple aliphatic carbonyls and 1,2,3-triazine. The thermal decomposition of pure 
PAN at -295 K yielded methyl nitrate, carbon dioxide, nitrogen dioxide, formaldehyde 
and nitrous acid. Methyl nitrate is stable to photolysis ('t , - 5 days)llS under 
tropospheric conditions and has been shown to be thermally stable in the gas phase up 
to 338 K, indicating that it will not thermally decompose in the atmosphere. The 
compound is also known to react only slowly with ·OH, with lifetimes of about 2 years 
expected.22o Since methyl nitrate has no known emission sources, either mobile or 
stationary, the importance and fate of this compound in the atmosphere must be 
evaluated mainly in the context of atmospheric concentrations of PAN and the ambient 
temperature. There appears to be no harmful short term effect yet known as a result of 
carbon dioxide accumulations in the atmosphere. One must however consider the long 
term global effect of increasing levels of the gas in the atmosphere. Carbon dioxide is 
the most celebrated of the 'greenhouse ' gases and it is estimated that a 10% rise in 
carbon dioxide concentrations could raise the earth's temperature by 0.5 0c.22 1 If levels 
of this gas continue to rise in the atmosphere, it is likely to lead to ecological effects at 
some time in the future. Nitrogen dioxide, nitrous acid and formaldehyde are 
photochemically active and are subject to photo-degradation in the troposphere, thus 
generating radicals that accelerate the formation of further smog. Although the 
experimental set-up proved very efficient in detecting these products, their quantification 
from the intensity of the bands on the micro densitometric traces were subject to 
significant errors. 
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The products identified are consistent with a major dissociation process in 
which PAN initially undergoes a simple homolytic fission to acetylperoxy radical and 
nitrogen dioxide. This is the first reported evidence for this decomposition mechanism 
in the absence of added nitric oxide. The apparent rate constants obtained at very low 
initial pressures of PAN (k = 2.25 x 10-4 s-l) approximate those found for the 
compound under atmospheric conditions.25 Under these conditions, lifetimes of PAN 
are expected to be -75 min at 295 K. The products do not support the alternative 
mechanism in which PAN is suggested to decay concertedly to methyl nitrate and 
carbon dioxide8.27 in the absence of added nitric oxide, though this can not be 
completely ruled out as a minor pathway. At 298 K, the concerted decomposition is 
suggested to have a rate constant of 0.8 - 1.3 x 10-6 s-I .27 This corresponds to a thermal 
lifetime of about 9 days with respect to this mode of decomposition and is of the same 
order of magnitude to the lifetimes determined in this work, at the higher pressures in 
10 cm cells. 
From the UV absorption cross-sections, photolysis does not appear to be a 
significant process for the removal of PAN in the atmosphere. Photodissociation 
lifetimes ranging from 2 to 4.8 days were evaluated for typical summer and winter 
atmospheric conditions based on absorption cross-sections measured in this work. 
These lifetimes are longer than the determined thermal lifetimes. The removal of PAN, 
based on thermal decomposition and photolysis, can now be compared with other 
possible means for its removal from the atmosphere. 
The hydroxyl radical ('OlI) plays an important role in the photochemistry of the 
troposphere. Reaction with 'OH provides the dominant path for removal of a variety of 
atmospheric species.33.128 The hydroxyl radical is produced in the atmosphere by 
reaction of .Q.(ID) with water, the ·O·(ID) being produced by the photolysis of ozone 
near 300 nm.33 The reaction of PAN with 'OH has been studied by Wallington et al. 29 
and the evaluated rate constant (1.37 x 10-13 cm3 molecule-1 s-l) shows that 
decomposition with respect to reaction with the radical is not significant 
('t OH ' -125 days). Also its reaction with ozone gave rate constants of 
-5.4 x 10-20 cm3 molecule-1 s-l, 12 affording a lifetime of -43 days for a typical 
polluted atmosphere with ozone concentration of -4.92 x 1012 molecules cm-3.93 
Studies of the solubility and decomposition of PAN in water samples having a 
range of pH values typical of the cloud water and precipitation show that the compound 
is only sparingly soluble.222.223 The Henry's Law solubility of PAN was found to be 
3.6 ± 0.2 M atm-1 at 22.0 °e, 8.3 ± 0.5 M atm-1 (.1Hosol = -11.75 Kcal mol-1),223 
and 5 ± 1 M atm-1 at 10 °e.222 Similarly, the deposition of PAN on natural surfaces 
has been studied. Deposition velocities ranged from -0.006 cm s-1 over acidic water224 
to 0.25 cm s-1 over soil and grass surfaces.3o It was concluded that surface deposition 
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would lead to relatively slow removal of PAN ('td, -2 days) for mixing heights of 1 km. 
At mixing heights below 100 m, caused by nocturnal inversions, deposition is expected 
to be highly accelerated within the surface layer. 
Lifetimes of PAN in the troposphere are therefore principally determined by the 
rate of thermal decomposition, which depends mainly on the NO/N02 ratios and the 
temperature. Under typical atmospheric conditions, 'tpAN ranges from 1 hat 298 K, 
2 days at 273 K, 148 days at 250 K to 42 years at 230 K.2 For temperatures below 
273 K, the reaction with ·OH and photolysis compete favourably with thermal 
decomposition as sinks for PAN. These lifetimes of PAN in the atmosphere have 
strong implications for atmospheric processes. The acetylperoxy radical formed from 
the initial decomposition step reacts further, mainly with nitric oxide and oxygen, to 
give in addition to the stable products, methylperoxy, hydroperoxy and hydroxyl 
radicals. These highly reactive intermediate radicals engage in many of the complex 
atmospheric chemical reactions leading to the formation and sustenance of 
photochemical smog. The suggestion by Hendry and Kenley225 that PAN can act as an 
accelerator for photochemical smog formation has been confirmed by smog chamber 
experiments. 18 The rates of formation of propene and ozone were found to increase 
with increasing concentrations of added PAN. As earlier stated, PAN may also act as a 
better indicator of photochemically polluted air than ozone.105 PAN unlike ozone has 
no natural input and its levels in the atmosphere act as better indicators of the degree of 
photochemical smog reactions, than ozone. At lower temperatures, and in the remote 
troposphere, PAN can act as a temporary sink for N02, but this oxide is released under 
warmer conditions as a result of diurnal temperature variations or long range 
transportation of the air mass to warmer conditions. Another factor that may also affect 
the levels of PAN in the atmosphere is its continuous synthesis from the precursor 
molecules. Although warmer conditions are expected to enhance the thermal 
decomposition, these conditions also accelerate PAN formation. 
Infrared absorption spectroscopy is one of the most powerful tools for 
structural determination and quantification of atmospheric organic nitrates. The 
vibrational spectra of PAN were re-examined in this work. The major features of the IR 
spectra are N02 asymmetric and symmetric stretches (1741 and 1302 cm-
l
, 
respectively), the O-N stretch (794 cm- l ) , C=O and C-O stretches (1840 and 
1163 cm-l , respectively). The determined molar absorptivities of these bands, 688, 
290, 285, 258 and 381 L mol-l cm-l , respectively, are in agreement with previous 
measurements and now appear to be well-established. 
Photolysis is a major pathway for the removal of simple aliphatic carbonyls in 
the atmosphere. The rate of photolysis in the atmosphere is directly proportional to the 
UV absorption cross-sections of the compounds. Some aspects of this work examined 
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the UV absorption cross-sections of acetaldehyde and some simple aliphatic ketones. In 
particular, the long wavelength limits of detectable absorption for these compounds 
were extended to 440 nm, well beyond previous limits of -360 nm.40,45 The new 
cross-sections data can now be used to evaluate new photolysis rate constants. Earlier 
absorption cross-sections gave photolytic lifetimes of 2.7 , 19, 0.96, 0.68 and 
0.89 days for acetaldehyde, acetone, 2-butanone, 2-pentanone and 3-pentanone, 
respectively for typical Northern hemisphere summer atmospheric conditions.45 The 
rate constants from the present cross-section measurements are expected to be higher 
than previous calculated values as a result of the extended absorption cross-sections 
and the intensity of the actinic radiation in the visible region. Accordingly, the 
carbonyls studied here should possess shorter lifetimes with respect to 
photodissociation than previously assumed. Photo dissociation would lead also to 
radicals that would eventually result in formation of photochemical oxidants such as 
PAN. 
The vibrational and electronic spectra, as well as the basic photochemistry of 
1,2,3-triazine have been documented. Assignments of the vibrational bands of 
1,2,3-triazine were accomplished by the analysis of IR and Raman spectra, normal 
coordinate treatment and ab initio molecular orbital calculations. This is the first 
reported comprehensive vibrational analysis for this molecule. The vibrational bands of 
the three triazines are compared in Table 8.1, which shows that the vibrations of the 
triazine ring systems are fairly similar. 
The solution phase UV spectra of the three triazines also exhibit similar 
features. The principal band maxima occur at 272 (E = 891), 374 (E = 400) and 
288 nm (E = 950) for 1,3,5-, 1,2,4- and 1,2,3-triazine respectively. The spectra also 
show a second band at 222 (E = 151), 248 (E = 3020), 230 nm (E = 218) for 
1,3,5-, 1,2,4- and 1,2,3-triazine, respectively (polar solvents). The longer wavelength 
bands are attributed to n*~n transitions and the second to n*~n transitions. The 
vapour phase spectra of the 1,2,4 and 1,2,3-isomers have not been studied in great 
details hence no correlation of the vibrational bands of the transitions can be attempted at 
this stage. 
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Table 8.1 
A comparison of the observed vibrational frequencies ( cm-1 ) of the triazines 
Lord's No.a Vibrational frequency ( cm:l ) I Assi~ment 
1,3,5-Triazine 1,2,4- Triazine 1,2,3- Triazine 
(Innes et. al. 152) (Neunhoeffer et al.16o)b (This work) 
1 989 (R) 1064 (R) 
2 3042 (CH) 3090 (CH) 3107 (CH) 
3 1113 (Hp) 935 (Hp) 
4 737 (Ro) 769 (Ro) 
5 925 <Ho) 851(Ho) 
6a 676 (Rp) 955 660 (Rp) 
6b 676 (Rp) 653 (Rp) 
7a 3059 (CH) 
7b 3059 (CH) 3060 (CH) 3046 (CH) 
8a 1556 (R) 1560 (R) 1597 (HpIR) 
8b 1556 (R) 1529 (R) 1545 (HpIR) 
9a 1173 (Hp) 1136 (Hp) 979 (R) 
9b 1173 (Hp) 
12 1137 (Rp) 1050 (Rp) 1080 (Rp) 
13 3035 (CH) 3045 (CH) 
14 1295 (R) 1195 (R) 
15 1163 (Hp) 1124 (Hp) 
16a 339 (Ro) 365 (Ro) 
16b 339 (Ro) 318 (Ro) 
17a 1034 (Ho) 768 <Ho) 
17b 1034 (Ho) 713 (Ho) 819 (Ho) 
19a 1410 (R) 1380 (R) 1336 (R) 
19b 1410 (R) 1435 (R) 1410 (R) 
Note: CH. C-H stretch; R. ring stretch; Hp. in-plane H bend; Rp. in-plane ring bend; ~. out-of-plane 
H bend; Ro. out-of-plane ring bend. aLord et al. 174 ~oposed assignments. 
Various derivatives of 1,2,3-triazine are currently being used as 
agricultural herbicides and active drug ingredients. A consequence of these uses is the 
deposition of residues of the compounds in the biological environment. The fate and 
potential accumulation of these residues in the environment may, to a great extent, 
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depend on the reactivity of the ring system of the parent 1,2,3-triazine. A greater 
understanding of the stability of the ring system was therefore deemed essential. 
Results obtained from this work have shown that while 1,2,3-triazine is fairly stable 
thermally at ambient temperature, the ring system is subject to rapid photodegradation in 
the sunlight region. The compound also appears not to be very stable in the aqueous 
solutions. The accumulation of residues of the derivatives of 1,2,3-triazine in ground 
and surface waters therefore appears unlikely. 
8.2. FUTURE RESEARCH OUT -LOOK 
The pressure effect of the thermal decomposition of PAN needs further 
investigation. Experiments were conducted in this study with varying pure PAN 
pressures in the range 2 - 12 torr. The results showed that the rate constants increased 
as the pressure was lowered. This was interpreted to mean a change in the mechanism 
of reaction from first-order to second-order kinetics. A similar pressure effect was 
observed for the analogous decomposition of peroxynitric acid (H02N02) in the 
presence of nitric oxide (Scheme 8.1).226 In this case however, the rate constants were 
found to decrease with pressure and the reaction was also rationalized to shift from first-
order to second-order as the pressure decreased. The pressure dependent behaviour of 
the decomposition of PAN and in particular the discrepancies observed between some 
results of this work, those of Bruckmamn and Willner26 and Senum et a/.,27 suggests 
further work is still warranted in this area. 
H02N02 -----------.- ·N02 + ·H02 
H02 + NO· • ·N02 + ·OH 
NO· + ·OH----'(M);........;..-----t._ HONO 
(8.1.I) 
(8.1.2) 
(8.1.3 ) 
Scheme 8.1. Thermal decomposition of peroxynitric acid in the presence 
of nitric oxide. 
The main problem encountered with the work on PAN was its explosive 
tendencies. Thus, a lot of precautions and special safety measures were put in place 
during the preparation and manipulation of the compound. PAN samples prepared in 
n-tridecane were safely stored in the freezer (--18°C). When gaseous samples were 
needed, the n-tridecane solutions were thawed, transferred into a sample container 
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adapted for use in the vacuum line and subjected to several pump-freeze-thaw circles. 
PAN was subsequently distilled under vacuum at room temperature into a trap 
immersed in liquid nitrogen. The distillations proceeded at very low rates, taking 
several days before sufficient PAN could be isolated for the large cell. During this time, 
gradual decomposition of the compound to methyl nitrate and carbon dioxide (the major 
thermal decomposition products) were observed in the IR spectra of the gaseous 
samples. Once distilled, the gaseous samples were stored under liquid nitrogen until 
used. 
In spite of the progress made by this work in pursuit of further knowledge of 
the basic chemistry of the 1,2,3-triazine ring, more work needs to be done in 
characterizing the chemical and physical behaviour of the 1,2,3-triazine. The main 
limitation in the study of the chemistry of this molecule is the lack of adequate vapour 
pressure even at fairly elevated temperatures, which was unexpected, based on the 
physical properties of the two earlier synthesised triazines (1,3,5- and 1,2,4-). Thus, 
most of the studies here were conducted in the condensed phase. A long path FTIR 
set-up similar to that used for the vapour phase electronic spectra should enable the 
acquisition of vapour phase IR spectra in the future. This would reduce possible effects 
of the guest-host interactions on the solid state measurements made in KBr hosts. The 
long path UV set-up in this work allowed the measurement of some aspects of the 
vapour phase electronic spectrum. The features of the spectrum were, however, so . 
weak that no reasonable conclusions could be made about the origin of the vibrational 
bands. For a complete picture of the electronic spectrum and a reasonable comparison 
with the other triazines, polarised crystal and highly resolved vapour phase spectra are 
desirable. The photochemical studies have shown that the 1,2,3-triazine ring system is 
photo-labile but the photodissociation products and the mechanism of the decomposition 
are far from defmitive. These deficiencies should provide focus for future research 
activities on this molecule. 
The principal thrust of this work was to conduct experimental studies of the 
stability and spectroscopy of selected molecules that play important roles in the 
chemistry of the atmospheric and biological environments. It is believed that, to a great 
extent, the studies have accomplished this objective. 
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APPENDIX 2.1 
GEOMETRY OF WHITE-TYPE OPTICS 
C~--~--~----~------------~------~----~~D 
N 
Figure A2.1. 
The two curves MCN and ADE in Figure A2.l represent the reflecting surfaces of 
two spherical mirrors of equal radius of curvature, c, with centres of curvature at C and D, 
respectively. AB represents an incoming light beam which, upon reflection about the 
, 
normal at B, (BD), images at E. The reflection from this point about the normal at E, (EC), 
hits the opposite surface at G. Lines AF and DF are constructed such that BA = BF and 
other points are joined as shown. 
BD = CA = EC = radius of curvature = r (A2.I) 
For convenience angles are defmed as follows: 
... " A ,. ,.. ,. ,.. ,.. 
ABD = EBD = m, EBC = w, ACB = x, ACD = y, BDC = v, DCE = p. BEC = q (A2.2) 
From the cosine rule, for triangle ADC 
AD2 = AC2 + DC2 - 2(AC)(DC) cos y (A2.3) 
and for triangle BCD 
BC2 = BD2 + CD2 - 2(BD)(CD) cos v (A2.4) 
Since DB = DC, W + m = x + y 
and for triangle BDC 
W + m + x + y + v = 180 
therefore from equations A2.S and A2.6 
and 
cos x = sin v/2 cos y + cos v/2 sin y 
Now 
cos v = 2 cos2 v/2 - 1 = 1 - 2 sin2 v/2 
therefore 
/2 ( cos v + 1 )112 cos v = 2 ' . /2 - ( I-cos v ) 112 SID v - 2 
From the cosine rule, for triangle BAC 
BA2 = CB2 + CA2 - 2 (CB)(CA) cos x 
and combining equations A2.1-4, A2.8, A2.1O and A2.11 gives 
(CB)(AD) [4r2 + (BC)2(AD)2 _ BC2 _ AD2] 112] 
r 
For triangle ADB the cosine rule gives 
AD2 = BA2 + BD2 - 2(BA)(BD) cos m 
and combining equations A2.l and A2.13 gives 
cos m = 
From equations A2.S and A2.6 
W = 90 - (v/2 + m) 
therefore 
sin w = cos (v/2 + m) 
or sin w = cos v/2 cos m - sin v/2 sin m 
Since sin m = (1 - cos2 m) 1/2 
equation (A2.17) can be written as 
sin w = cos v/2 cos m - sin v/2 [1 - cos2 m] 112 
Combining equations A2.4, A2.1O, A2.14 and A2.19 yields 
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(A2.S) 
(A2.6) 
(A2.7) 
(A2.8) 
(A2.9) 
(A2. 1O) 
(A2.11 ) 
(A2.l 2) 
(A2.1 3) 
(A2.14) 
(A2.1S) 
(A2.16) 
(A2.17) 
(A2. 18) 
(A2.19) 
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sin w = (1- BC2 )112 (BA2 + r2 - AD2) BC [1 ( BA2 + r2 - AD2 2 112 (A2.20) 
4r2 2r(BA) - 2r - 2r(BA) ) ] 
and cos w = (1-sin2 w) 1/2 
For triangle BCE, the sine rule gives 
BE BE BE 
sin q = sin w - sin (x + y + p) 
and x + y + p + q + w = 180 
Rearranging A2.22 gives 
x + y + p = 180 - (w + q) 
so sin (x + y + p) = sin (w + q) 
and sin (w + q) = sin q cos w + sin w cos q 
From equation A2.2l and A2.1 
. BC . 
smq = - smw 
r 
and, since cos q = (1 - sin2 q)1I2 
BC2 . 2 [1 sm W]1I2 cos q = - 2 
r 
(A2.2l) 
(A2.22) 
(A2.23) 
(A2.24) 
(A2.25) 
(A2.26) 
(A2.27) 
(A2.28) 
substituting equations A2.24, A2.25, A2.26 into a rearrangement of equation A2.21, 
BE =_._r_ sin (x + y + p) 
sm w 
BC2 sin2 w yields BE = BC cos w + r [1 - 2 ]1 /2 
r 
For triangle BCE, the cosine rule gives 
OE2 = B02 + BE2 - 2(BD)(BE) cos m 
and combining equations A2.1, A2.30 and A2.31 yields 
BC2 sin2 W)112] 
- 2r[BC cos w + r (1 - 2 cos m 
r 
(A2.29) 
(A2.30) 
(A2.3 l ) 
(A2.32) 
From equations A2.32, A2.20, A2.14 and A2.12, a value for DE can be obtained by 
substitution of the known values for r (radius of curvature) , AD (distance from the light 
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beam entry point to the centre of curvature of mirror 2), and BC (distance from the point 
where the incoming beam hits mirror 1 to the centre of curvature of mirror 1). For 4 
combinations of r, AD and BC, values of DE are listed in Table A2.1. The fourth row 
corresponds to the dimensions of the White system used in the equipment described in 
Chapter 2. 
Table A2.1* 
Calculated Geometry of White-type optical systems 
r (cm) AD (cm) BC (cm) DE (cm) DFJAD 
100.0 25.0 15.0 23.3675 1.0146 
100.0 2.5 1.5 2.5009 1.0004 
13.0 2.5 1.5 2.5548 1.0219 
600.0 4.0 2.4 3.9800 0.9950 
*r, AD, Be and DE refer to Figure A2.l , where r is the radius of curvaUJre of both curves. 
APPENDIX 3.1 
TWO EXPLOSIVE INCIDENTS WITH PAN 
From: Nwan1cwoala Alwell 
Thro' 
Gad Fischer 
To: The Safety Committee 
Department of Chemistry 
The Faculties 
Department of Chemistry 
December 4, 1990. 
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REPORT OF TWO EXPLOSIVE INCIDENTS IN MY LABORATORY 
BETWEEN NOY. 30 AND DEC 3. 1990. 
I am working on the compound Peroxyacetyl nitrate (PAN), which is known to 
be explosive in the liquid phase and thermally unstable in the gas phase. My objective 
is to study the gas phase spectroscopy and kinetics of the compound. My routine 
involves the preparation of PAN in a liquid hydrocarbon (n-tridecane) and the 
distillation of gaseous PAN by vacuum sublimation at room temperature. I have 
successfully carried out these operations many times in the last five months. 
Recently however, I have had two explosive incidents. One occurred on 
November 30, 1990 when I brought out n-tridecane with a fairly high concentration of 
PAN from the freezer and wanted to wash the bottle. The explosion occurred 
instantaneously on opening the bottle and allowing water from the tap to run in. The 
fact was that the bottle was erroneously labelled as containing n-tridecane with little or 
no PAN (i.e ., n-tridecane remaining after vacuum sublimation) instead of distilled PAN 
with traces of n-tridecane. The sudden warming up of the concentrated PANas a result 
of the exposure and addition of water must have led to the explosion. 
The second incident occurred on December 3, 1990 on the vacuum line in the 
instrument room. It happened while PAN was being distilled from n-tridecane. The 
distillation was virtually completed and some gaseous PAN still in the vacuum line was 
being allowed to drain into the liquid nitrogen trap. An explosion, which shattered the 
glass delivery connecting the vacuum line and the trapping bottle, occurred. It is hard to 
say exactly what caused this explosion as PAN is not known to be explosive in the 
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vapour phase and the procedure in use ensures that the wet chemistry is by-passed. It is 
possible that some PAN liquid had condensed, which could arise from the fact that the 
diameter of the trap was very much smaller than that of the vacuum line, leading to a 
sort of pressure build up along the line and especially at the entrance tap. 
Presently, the diameter of the trapping vessel is to be enlarged to the same size 
as the delivery line to ensure free flow of PAN and minimize possible pressure 
build-ups. In addition, a protective shield would be mounted around the long cell 
and the lower part of the vacuum line to minimize injury in the event of future unforseen 
incidents. 
It is my opinion that with these modifications in the set-up, coupled with much 
more careful safety precautions, PAN's hazards would be minimized, and I can safely 
continue with the work. 
APPENDIX 3.2 
REPORT OF THE THIRD EXPLOSIVE INCIDENT WITH PAN 
From: Nwankwoala Alwell 
Thro' 
Gad Fischer 
To: The Safety Committee 
Department of Chemistry 
The Faculties 
~pruunentofChentistry 
November 18, 1991. 
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REPORT OF THE EXPLOSION THAT OCCURRED ON THE VACUUM 
LINE IN THE INSTRUMENT LABORATORY ON NOV. 14. 1991. 
My research work has been on the thermal decomposition of peroxyacetyl 
nitrate (PAN), which is known to be explosive in the liquid phase and thermally 
unstable in the gas phase. My primary interest is on its gas phase kinetics and 
spectroscopy. My experimental work was therefore designed to by-pass the 
manipulation of PAN in the liquid phase and hence avoid the danger of explosion. 
Consequently, the compound was usually prepared in a liquid hydrocarbon 
(n-tridecane) and distilled into the gaseous phase under vacuum at room temperature. 
Two explosions occurred with PAN during November 1990 which led to 
re-designing the trapping component of the vacuum line and covering some of the glass 
components with flexible solid materials to lessen th impact of possible explosions 
(see Appendix 3.1). With the trapping vessel enlarged, coupled with more cautious 
handling of the material, it was of the opinion that the explosive hazards were 
minimized. 
Using the modified system, I have been dealing successfully with the 
compound for the past twelve months, but on November 14, 1991 there was a third 
explosive incident. The liquid nitrogen trap under which the compound was being 
stored was removed, allowing the sample to thaw (at room temperature) in order to fill 
some gas cells. This is a routine procedure in my manipulation of PAN and an 
operation I had carried out many times. On this occassion however, the glass trap 
exploded. I received injuries to my face, hands and legs from flying glass. The 
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wearing of a laboratory coat and safety glasses prevented any damage to my body and 
eyes. 
In view of all the safety precautions that are being taken in this work, it was 
surprising that this incident should occur and it is not at all clear what caused the 
problem. No unusual operation was being carried out and neither was there any 
evidence of foreign material or gas having leaked into the vacuum line. A possible 
explanation is that a few drops of liquid PAN may have condensed at the upper part of 
the glass trap during thawing. 
Based on these experiences, and the reported cases of other laboratories that 
have worked with the compound (e.g., Appendix 3.3-4), the conditions which could 
initiate explosion of PAN are not apparent and seem somewhat unpredictable. It has 
therefore been decided that work on this compound should stop. 
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APPEND IX 3.3 
REACTIONS OF PANS 
(From: Stephens E. R. (1969) "Advances in Environmental Sciences", Vol. 1, P. 141). 
VI. REACTIONS OF THE PANs 
A. Stability 
The major experimental problem in working with the PAXs is their 
low stability. During de\·elopment of the procedures now in use about 
a dozen explosions occurred. Those involving samples of the liquid were 
extremely violent even when only a drop or two of liquid was involved. 
On one occasion a liquid sample measured from a 5-1'1 pipette exploded 
and destroyed considemble glassware even though part of the PAX had 
vaporized before the remainder exploded. Since the initiating cause of 
several of these explosions was not apparent, the policy was adopted 
of handling the liquid as if it might explode at any time and protection 
was provided so that injury would not result. Gradually the steps in 
the preparation and purification procedure which involved handling 
the liquid were eliminated. Cnder these practices (Sec. III) neither 
crude nor pure liquid is handled, and no explosions have occurred . 
If a drop or two of P.\X liquid in equilibrium with its own vapor at 
room temperature (without diluent gas) is suddenly pressurized with a 
diluent gas such as nitrogen or ai r, an explosion of great violence will 
occur. Presumably compression heating of the vapor initiates decom-
position wh ich quickly ~\ccelerates into a detonation which propagates 
into the liquid . On one occasion a I-liter ample of vapor at mm Hg 
pressure exploded while nitrogen gas was being bled in to bring the 
pressure to 1 atm (3). This explosion did not break the glass flask , but 
was evidenced by a sharp ~ound and the slow appearance of nitrogen 
dioxide in the flask . In addition to nitrogen dioxide, the infrared spec-
trum of the products showed the presence of about 15.5 mm Hg of carbon 
monoxide and about 2.9 mm Hg of carbon dioxide. This total of 
1 .4 mm Hg is close to the 16 mm Hg expected for decomposition of a 
two-carbon molecule. The most serious explosion occurred when a low 
pressure oxygen tank containing a high concentration of PA:\' vapor 
in helium carrier gas was stored in a cold room at about QOG over a 
weekend . Apparently a significant fraction of the P.\X liquified and 
drained into the gauge and fitting during this time. An explosion which 
shattered the gauge and fitting occurred while the tank I\'as being 
attached to d. nitrogen line. 
Slow decomposition of PAX vapor diluted in nitrogen has proved to 
be highly erratic. Since no loss over periods of days or even weeks has 
sometimes been observed, it appears that decomposition is strongly 
influenced by the nature of the surfaces of the containers. In some cases 
the loss of PAX in low-pressure oxygen tanks has been matched by the 
appearance of methyl nitrat e and carbon dioxide in approximately 
equimolar amounts. 
o 
~ 
/ ""'-CH, U 
, 
o 
/ 
-; 
I 
o 
I 
o 
- CH,O-;O, + co, (:,) 
The ring structure in brackets i uggcsted as a plausible intermedia~e in 
this decomposition. I n other cases dccompo ·ition apparently It·d to 
acet it acid as one product. 
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APPENDIX 3.4 
DAMAGING EXPLOSION OF PEROXYACETYL NITRATE 
(From: Stephen E. R. , Burleson F. and Holtzclaw. (1969) "Journal of Air Pollution 
Control Association", 19,261 -264) 
Edgar R. Stephens, 
Fran k R. Burleson, 
and Ke nneth M. Holtzclaw 
UniversIty of California 
A Damaging Explosion 
Of Peroxyacetyl Nitrate 
A dama ging exp losio n of the smog component pero xyacetyl nit ra te (PAN) wa s traced to the presence o f 
liq uid PAN in a pressure gauge and pipe fi tting attached to the metal conta in er. Some of the PAN 
vopo r had cond ensed whi le stored in 0 cold roo m a t about OOC over a weekend . Recommendations fo r 
a voiding Q repeti tio n of this occident are given. 
Peroxpretyl nitrate (PAN) ho.s been 
prepored, purified, ,nd used in the 
labor3tories of the St,tewide Air Pol· 
lution R~e.:lrch Center of the Univer-
sity of CaJifornb, Riverside fo r .bout 
eight ye:lrs . Arter it ~.~ recognized 
th.t P.\)! W3S • d,ngerous high ex-
plash-p, thf'$e rroced.I!:e5 weep grndu-
"lly modified to minimize the d.nger 
oi lccideot. The gener.ll .lim 'V.lS to 
" 'old b.ndling thIS subsl3nce in the 
Iiq\ud st.ltE' 5i~ce this mClr~ concen-
tf'\ted form is much more d!11lgerol'~ 
tha.o tbe ,'apor Corm, Furthermore, the 
V.lpor C!ln be diluted ,,;th inert gase3 
such :1S helium or nitrogen to buffer the 
PAN .g.inst decomposition. T he;e 
procedures have been used without 
:1ccident fo r 3bout fh'e yea rn. Recently, 
however, a violent e~losion occurred 
which WIlS trnced to the pr~ence of 
li~."d PA)! which WlS produced by .n 
unfore!ecn combin!ltion of circwn-
stlnc~. The purpo~e of this report is 
to describe these circumstnnces so tilat 
those who !My be using P AN may be 
!lW:1re of !Lod so !I,\"oid this h3zo.rd, 
The procedures published in this 
joum.l in 1965 I d",cribe the stor3ge 
of PAX 3S v.por diluted with inert g"' 
(nitrogen or helium) in low pressure 
oxygen (LPO) tonks which 3re kept in 
!L walk-in refriger.ltor. The reierence 
g.ve tYPIC.I figures of 1000 ppm PA)! 
(by volume) .lt 100 psig pressure in 3 
IS- C cold room. The recent explosion 
occurred when a technici.ln W:1S pre-
paring to pressurize 3 unk of P.\)l 
V:lpor in helium with nitrogen. As is 
custom.ry the I3nk IV3S fitted with a 
100 ~i pressure g.lug'! nnli .l needle 
\'ah'e connected through a uT" pipe 
fitting . (See Figure 1.) Tile technicilD 
w!\S :ltt~t:htng thc nitrogen line to this 
V:ll\'e when the e~plosion occurred. It 
w:ts e\'ident from the debriS th.u the 
explosion W:1S centered in the gaw;e 
and the pipe "T." The photogr3ph 
(Figure 2) shows the fngments which 
were recovered. The b:l~e of the bour-
don tube, although remaining .lttached 
to the gauge iat3ke, WlS b.dly 
m'Dgled. The upper P3rt of the bour-
don tube ~\'as driven into the inside of 
the gluge housiI:~ wit.:':' ~\!: ~ r(,r~e :\S 
to remain welded there , The gauge 
bce was dri"en forward wHh enou!:h 
fo rce to le.1ve :10 imprint on the ba.;k 
of the pointer ir. the g.uge IlLo. This 
.shows that the g:luge wtlS reading ICI (' 
:\[e!srs. Stephen.s. Burleson. and 
Bohzcla.\v ore o,!SOcHlted Wi th the 
SI,31eWlde Air Pollution Rese:lrch 
CeDter Qt the UDI\,ersl ty or Cali-
(01 nl :\, Rlverslcie. C:llifornl:l 92502. VALVE 
Figu re 1. Pr. sumed POSit ion 0 ' tank . " T," sause, and va lve In co ld room. 
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figure 2. Remnants of pressure lIauge, "Too pipe fitting and need le val\l'e. 
wheu :he explosion occurred. The liT" 
was shattered into numerous fr.lgments. 
The technician received numerous cuts 
and required hospitalization for reo 
moval of • fragment from his right 
elbow. The higher frequency portion 
of his h~ring W.l5 impaired, appareotl}· 
permanently, by the sound of the e,-
plosion. Th. 13nk itself was undom-
ag .. d and rem:lined in position on the 
table. In fact it lVas possible to record 
inir:md spectra of the tank contents. 
These will be discussed later. These 
observations :ill confirm the fact that 
the pressure in the t.lnk was at or near 
ambient. 
To account for the destruction of 
tbe gauge and liT " fitting, we must 
conclude that liquid PAN wos present, 
probably inside the bourdon tube itself 
and also in the pipe liT ." Since tbe 
technician had not opened the valve, 
we assume that the vibr.ltioDS C:lused 
by connecting the tank initiated the 
explosion. Detonations may have oc· 
cUHed both in the bourdon tube and 
the "T" nearly sirnult:lneously. 
Handling Procedures 
To reconstruct the accident we must 
review the procedures which b:l ve been 
simplified since Reference 1 appeared. 
To fill the tank it is fir.;t evacuated, 
tben attached to the output of the gas 
chromatogr.lph used for purifiC!ltion. 
A; PAN emerges from the chromato-
graph it is bled into the tank using the 
needJe vah'e on the unk to regulate 
tbe Bow to mntch the Bo .... · out of the 
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chromatograpb. In tbis way the tank 
is filled to atmospheric pressure with 
PA)f V.lpor at a concentr3tlon of 0.5 
to 2.0% by volume in helium. The tank 
is tben pressurized with nitrogen to 
100 psig to produce a mL'rture contain· 
ing 1000 to 2000 ppm of PA..'i wbich 
can be dispensed directly for various 
experiments, The sample which ex· 
pi oded was filled from the cbromato-
groph on Friday but wos stored lD :be 
n'oik·in cold box over the n'eekend 
without pressurization. On Mondoy 
morning the technician removed the 
13nk from tbe cold bo, and lVas con-
necting it to the nitrogen line when the 
explosion occurred . Investig3tion re-
vealed tilat the cold bo, IV,S iust above 
zero degrees centig~de and th.lt the 
tank bad been stored on end, probably 
with tbe "T" fitting and gauge down. 
Apparently at this temperature (which 
is 10 or IS·C colder tban tbat used 
when these procedures were first de· 
veloped) some of tbe PAN condensed 
and coUected in the "T" Bnd the gauge. 
Or it may bave run into the bourdon 
tube from the liT" when the tank was 
removed from tbe cold box. Whatever 
tbe specific det.ils, it is apparent that 
an appreciable fraction of the PAN 
condensed at O·C and accumubted in 
the gauge and fitting. At first thought 
it migbt seem that if the unk bad been 
pressurized before being put in the 
cold box condensation would not have 
occurred. Reflection shows this not to 
be true, however. Condensation de· 
pends on tbe partial p"SSUTe of PAN 
in the took wbich does not ch.lnge 
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when the nitrogen is added even though 
the concentraUon, expr~:ed as mole 
fraction or by volume, decrelSes. This 
is pertups the most important I~on 
to be learned from this accident : cbill-
ing at too low 11 temperlture, inste:ld 
oi decre!lSing the h:.urd, !lctuaUy in· 
creased it bec:lUse of the possibili ty of 
liquefaction. This conclusion is inde-
pendent of pressurization. Any tank 
containing too much P.u'l relJresCllts D 
hazard if cooled t<l too 101V • tempera-
ture. 
During the pressunzation step, tbe 
partial pressure of P.\:'< (p) remains 
constant while tbe mole rr:lction of 
PAl'll (X) decreoses. 
p _ XP \Vbere P = total pressure 
(absolute) 
P = p x IOs' e taking c ppm = 
X, lOS 
log P - 6 + log p - log c 
Plotting total pressure against Vlpor 
concentr:ltion on a log-log paper yields 
straight lines of slope -1 as shown by 
the dasbed lines DllIrked premmzation 
in Figure J . At point A iSOO ppm of 
PAN at atmosphenc pressure ( 1-1.7 
psia) is pressurized to 114.7 psia ( 100 
psig) to give 1000 ppm PAN. Like-
wise, pre!surization of 15,600 ppm of 
PAN (point B) yields 2000 ppm of 
PAN at 100 psig. Tile concentration 
reached in tbe 13nk before pressuriza-
tion is the overage of that in the 
chromatographic column effiuent dur-
ing tbe tilling period. Tbe maximum 
concentration in the column effluent 
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Appendix 3.4 Contd_ 
·F 32 50 68 86 
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f igure 1. Pressurization and liQuefac;tlan of PAN (uslnlJ nltra·ethan. vaaar 
pressure data). 
must be less tluo ~atur:ltion 3t room 
temperature since the column is op-
erated at room temperature and the 
vapor pressure of PA.J.'l over the 
cbrom.tographic liquid must be lower 
tb.n tb.t over pure P Al'<. All tbis 
suggests wt the highest concentriltion 
of PA.'( attainable in tbe bnk must be 
well below saturation concentration at 
room temperature. 00 the other lund, 
room temperature becam~ bigher when 
the apparatus was moved to a new 
loc.tion. It IVas probably about lOO-F 
on the day the bck was filled . Not 
only did this incr .... peak concentr.-
tion, but it shortened emergence time 
so tbnt • 5bnrper pe3k IVOS obto.ined 
which further increased the avernge 
concentrotion. A weighed amount of 
tbe column ~cking being used for tbe 
~eparation ~'QS w~hed with ether to 
remove the carbowax, dried and re· 
weigbed. Tbe loss in ~'eigbt IVas close 
to tbe 20% expected for this separ.t-
ing mnterinl, so a ch:lOge in this cnn-
not be blamed for tbe cbange in emer-
gence time. 
Tbe amount of PA)/ pr""ent in the 
system wbich exploded is not knOIVtl 
since concentration is not measured 
unul after pressurization. Previous 
runs b.d produced 1500 - 2000 ppm at 
100 psig, bowever. Working back from 
2000 ppm at 100 psig on Figure 3 leads 
to 15,600 ppm at ambient pr"""ure. 
Good d.b on the vapor pressure of 
PAN as a function of temperature are 
Dot IJ.vailable , but at room temperature 
(about 25-C) it is .bout 15 mm Hg 
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which corresponds to (151160) x 10' = 
19,iOO ppm. 
This is alarmingly close to tbe esU-
mate of 15,600 ppm as the concen-
tratil)n in the t:mk, 
Condensation Conditions 
Partial pressure, tempel.l.ture, con-
centration, and total pressure e:lD be 
reb ted as follows : 
p - Sp 
'n·here 
P _ total pressure 3t absolute temper:l~ 
ture (11 
P _ p31tial preMUre or PA)l 
X - mole rr3ction or P A~ 
where 
n - tot:u moles in t.a..ok, 
R - g:l.S constAnt. 
V _ tank volume 
where 
p,V 
n - RTo 
Po - t0w.or:~~:et. room temperature 
p _ X nRT _ X~P,V _ XP.I. 
V V RT. T. 
Tbe mole fraction (X) is dimensionless, 
T and To are both absolute, then p 
will be in tbe some units as Po· Re-
arranging, we get : 
p. - q;; 
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To convert p rrom mm Hg to psi.:l 
multiply by 1-1 .• 1760. T,ke X = 
e X 10'· (c In ppm) . 
P T. (H.7 ) to' 
0- T j60 P , 
or 
log P. - 10. ~. + 6 + log I;~P - log c 
If we take p as the SJ.tur.ltion vapor 
pr~urc at tempemture T, we C!ln 
make plots of Po versus c for the cnti· 
c!ll condition. This eqU3tion also gives 
str.ight lines .. itb slope of -I on log-
log plot. They ore tberefore p.rallel 
(see Figure 3) to tbe pr~uriz!ltlon 
lines. In lieu of V!lpor pressure dat3 
for PA.N at lOl"er temper:1tures or of 
thermodYD3mic d.ta from IVhich this 
might be c:ucuiated, data for substance. 
which have similar vapor pressures at 
room temperature were used. Water 
and nitroetbane were both plotted 
with very simibr results. Rildebr.nd's 
modification of Trouton's rule l indi· 
CDtes tb.t the d.l3 for nitroetbane ;., 
the best approxjm:ltion av:ul.:lble for 
PAN at this time, so this is plotted in 
Figure 3. The applicability of tbese 
V!lpor pressure values to PA)l wos 
venned roughly by partilily immersiDg 
aD LPO tack contaiDiDg 8300 ppm of 
P Al'< in belium at atmospberic pressure 
in an ice bath at V:lrious temperatures. 
At o·e the concentrotion (as me!lS\lred 
by infrared) dropped to 7100 ppm 
wbich corresponds very closely to the 
lo~'est line in Figure 3. This tack was 
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then pre~suriled to 100 psi:1 with nitro-
gen which diluted tbe P. N to I1S0 
ppm. With this minure it was neces· 
sary to cool somewhat below O'C to 
obtlin a reduction in the gas phM:e 
concentr:ltioD. Removnl of samples for 
aD.llrsis m,y have been partially reo 
sponsible for tbe need to go to a lower 
temper:lture. Th~e tests therefore 
verified the applicability of tbe data 
of Figure 3 to PAN. 
A..cy cambin:!. tion of tank pressure 
and concentration is represented by .l 
point all Figure 3. To pre,oent canden-
s:ltion, :my given mi.'\-ture should not be 
cooled below tbe temperature corre-
sponding to tbe line which P:lSSes 
tbrougb that point. For e=ple, at 
100 p.;ig and JOoo ppm condensation 
should occur at about I ·C. It sbould 
be remembered tholt tills is for nitro-
eth:me ; it is only :1.0 approximation 
(although prob,bly a good one) for 
P.\.!' . 
Explosion Products 
T!:.'! \l1fr:tr~ spectrum of the unk 
contenlS :l £ter the expl~ioD showed 3 
rich v:lriety of b:mds. CODcentT:ltions 
were ~tim:\fE'rl 33 follows : 
ppm 
Corbon Dlo.,,,,ide 13,000 
Corbon dioxide 18,000 
Formic acid 1000 
)[etbyl nitrite 4100 
Xitrogen dio~dde 4500 
Po..~ibh· .,150 nitrometh.!lne ~lnd 
me-thyl nit~te 
The c:ubon cont:lining compounds 
(P.\.!' was not detectAble; less tban 
100 ppm) add up to 36,100 ppm of 
(,:lrbon which, .1t two c!lcboc atoms per 
moleellie for P.~", is eqwvalent to 
IS,050 ppDl. Tbe nitrogen content was 
only SGoo ppm, but it is possible tbat 
some of this combined with wllter to 
Conn liquid nitrous or nitric .ileids 
which were not me3sured, or that some 
moit"cu1:l r nitrogen "'as formed. Since 
the tonk stood open for tbe better p.rt 
of 3n bonr :ther the explosion, the 
estimate of 18,050 ppm P.L" must be 
a lower limit for the amount present 
in the tank it,elf wben tbe e:<plosion 
occurrtrl. 8t.>me of this could ha ve been 
present :1.S liquid in tbe t.:mk. The prod. 
uct! from the e~plosion in the v:lh'e 
and fitting could h:adly h!lve been 
p:tsseod into the t!lnk. This indicates 
th:tt the tot:ll :tmount present. ~':1S sub-
st:Ulti:tlly higher th:ln th!lt indic:lted 
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by point B on Figure 3. There is DO 
way of knowing bow much higber. 
Tbe presence of such an unstable 
compound as methyl nitrite in the tank 
nfter the explosion is most surprising. 
Tbermal decomposition of PA;.1 previ-
ously was found to produce methyl 
nitra.te a.nd e:ubon dioxide,J while one 
previous explosion produced o~des of 
clrhon and nitrogen.J We Cln only 
guess wby this e:<plosion produced 
methyl nitrite rather than more stAble 
end products. It is signific:lnt, on the 
otber hand, that tbe PA;.1 in the tAnk 
did decompose, probably more or less 
explosively, without any visible harm 
to tbe tank. 
Hazard of PAN Va por 
The wbole approacb to safe blndling 
of PA;.1 is based on tbe belief tb.t this 
m:l.teri:ll is Dot d:lngeraus so long as it 
is in the V.lpor sute. The pure vapor 
sbte :It room temper3ture is limited 
to about 15 m.m Hg which is only two 
hundredths of an ltmospbere. The only 
explosion 00 rpcord involving pure 
PAN v.por (.t about g mID Hg pres-
sure) did not bre,k tbe gloss fla.sk in 
which it occurred although the sound 
was quite .udible.' PAN vapor diluted 
\\;th other ~:l.Ses has never been known 
to explode. Even in the present CllSe 
tbe PAC; vapor whicb was in tbe tank 
may simply have been decomposed by 
p:tssoge of a shock W3.ve gener:lted by 
detonation of the liqwd. 
A short series of experiments were 
therefore c:l rried out to verify this most 
importAnt premise of the handling pro· 
cedures. Attempts were m:lde to c:tuse 
an e:<plosion in P.\c; vapor diluted witb 
helium or nitrogen. An LPO t.1nk was 
fitted witb a bomemade spork plug and 
then filled witb about 9600 ppm of 
PAC; in helium at ambient pressure. 
Repeated sparking with a 15,000 volt· 
age transformer did not c:tuse :lny ex-
plosion and only a sm.111 amount of 
decomposition to carbon dio~de and 
methvl nitrnte ~.~ reve:lled b,· the in-
fTOred speetrum. . .-
In :lnather test, the sp:lrk plug on 
the LPO tAnk ""OS replaced by ~ one-
h:llf inch dbmeter gbss tube ~·ith !l 
sealed off end. T his tank was filled to 
only about one·half atmosphere of 
P.\.!" at .bout 8000 in belium. By 
sm:lshing the gl:1.ss tube closure it was 
po~sible to fill the t:mk with air in 
about three or four .secand3. The PA~ 
W:lS r:lpidly compressed 3t the S:lme 
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time but there W3S no explosion :lnd a 
subsequent inir:lred spectrum showed 
no decomposition. 
These tests confirmed tbat PAC'I 
vapor diluted witb inert gas is difficult 
if not impo.."Sible to explode. Since 
there was no explosion these tests g3ve 
no inform.1tion as to the d:lID.lge which 
might occur if explosion did occur 
Perhaps the best evidence that the 
vapor is not dangerous still lies in the 
two accident.ll explosions ; the one with 
pure PA.'f Vlpor in the gl3.!s 8ask, aDd 
the one being reported in this plpcr. 
A1tbougb the PAN in tbe tank decom· 
posed more or less explosinly, there 
was DO d3IIl:lge done to the bu. Dam-
age was confined to the pipe fi ttinr;; ::md 
pressure g3uge and this is attributed 
to explOSIon of liquid P.\C'I . 
Recommendations 
1. Tbe main lesson to be le.med from 
this lccident is that tbe amount of 
PAC'I put into. taDk should be kept 
low enou!;h so th:1t cODde~a.tion M11 
not occur !l.t :lny \e:il¥H~tU'c to 
which the tank might be cooled. It 
is recommended tb3t 1000 ppm at 
100 psig he the limlung CQn<;c~'r:\­
tlOn and tha·, this no: b. cooled be· 
low JO·e. For tbe sake of P.\C'I 
tbere is reillv no need (or temper!l.-
tures lower th:ln this. Decomposl-
Uon which occurs :It this temper:l-
ture is probably due to a dirty t=1nk 
or fittings wh.cb should be c1uned 
or replaced. 
2. This explO!ion strengtbened rlther 
th.n weakened our belief tbat P.\c; 
in the vapor p1use, diluted or un-
diluted, C!lnnot produce 3 d.:lml!;lOg 
e:\-piosion. 
3. The 4fT" pipe fitting which shlttered. 
in the explOSion was of C:J.St materi:ll 
which maY h.1ve contributed to the 
degree or'sh.1ttering. It is recom-
mended that fittings m.cbined from 
b:lr stock be used for tbis service. 
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